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Abstract 
Fabrication of nanoscale patterns through the bottom-up approach of self-assembly 
of phase-separated block copolymers (BCP) holds promise for nanoelectronics 
applications. For lithographic applications, it is useful to vary the morphology of 
BCPs by monitoring various parameters to make “from lab to fab” a reality. Here I 
report on the solvent annealing studies of lamellae forming polystyrene-block-
poly(4-vinylpyridine) (PS-b-P4VP). The high Flory-Huggins parameter (χ = 0.34) of 
PS-b-P4VP makes it an ideal BCP system for self-assembly and template fabrication 
in comparison to other BCPs. Different molecular weights of symmetric PS-b-P4VP 
BCPs forming lamellae patterns were used to produce nanostructured thin films by 
spin-coating from mixture of toluene and tetrahydrofuran(THF). In particular, the 
morphology change from micellar structures to well-defined microphase separated 
arrangements is observed. Solvent annealing provides a better alternative to thermal 
treatment which often requires long annealing periods. The choice of solvent (single 
and dual solvent exposure) and the solvent annealing conditions have significant 
effects on the morphology of films and it was found that a block neutral solvent was 
required to realize vertically aligned PS and P4VP lamellae. Here, we have followed 
the formation of microdomain structures with time development at different 
temperatures by atomic force microscopy (AFM). The highly mobilized chains phase 
separate quickly due to high Flory-Huggins (χ) parameter. Ultra-small feature size 
(~10 nm pitch size) nanopatterns were fabricated by using low molecular weight PS-
b-P4VP (PS and P4VP blocks of 3.3 and 3.1 kg mol-1 respectively). However, due to 
the low etch contrast between the blocks, pattern transfer of the BCP mask is very 
challenging. To overcome the etch contrast problem, a novel and simple in-situ hard 
 
VI 
mask technology is used to fabricate the high aspect ratio silicon nanowires. The 
lamellar structures formed after self-assembly of phase separated PS-b-P4VP BCPs 
were used to fabricate iron oxide nanowires which acted as hard mask material to 
facilitate the pattern transfer into silicon and forming silicon nanostructures.  
The semiconductor and optical industries have shown significant interest in two 
dimensional (2D) molybdenum disulphide (MoS2) as a potential device material due 
to its low band gap and high mobility. However, current methods for its synthesis are 
not ‘fab’ friendly and require harsh environments and processes. Here, I also report a 
novel method to prepare MoS2 layered structures via self-assembly of a PS-b-P4VP 
block copolymer system. The formation of the layered MoS2 was confirmed by XPS, 
Raman spectroscopy and high resolution transmission electron microscopy.  
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Introduction 
 
1.1. Motivation and Outline of Thesis 
Nanostructured materials have at least one dimension in the range from 1 to 100 nm. 
Nanomaterials can have advanced properties over macroscopic systems due to their nanoscale 
dimensions and have applications as electronic, biomedical, and optical materials.1-7 One-
dimensional (1D) nanostructures (e.g. rods, tubes, wires) are expected to play an important role 
as both interconnects and functional units in fabricating electronic, optoelectronic, 
electromechanical and electrochemical nanodevices.8, 9 
In 1965, co-founder of Intel, Gordon Moore, predicted that the number of transistors 
incorporated in a chip will approximately double every 24 months for about the same cost. This 
statement has held true to this day and is known as Moore’s law.10 In 1971, the Intel 4004 CPU 
had 2300 transistors on it. As of 2015, the highest transistor count in a commercial available 
CPU (in one chip) is over 4.3 billion transistors, in Intel’s i5-core Xeon Ivy Bridge-Ex. If 
transistors were people, Intel’s chip has almost the same number of transistors as the population 
of Asia at approximately 4.4 billion people. Because the chip size is constant, the scale of each 
transistor gets smaller, the density higher and transistor count increases at a regular pace to 
provide improvements in integrated circuit functionality and performance while decreasing 
costs per device. The semiconductor industry is driving to maintain the rapid speed of shrinking 
increased as the half-pitch, which is half the distance between identical features in an array 
(Fig. 1-1). 
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Figure 1.1. Basic schematic illustration of 'pitch' and 'half-pitch' 
Top-down lithography has traditionally been the main technique for patterning structures that 
are used in high technological devices in industries. Currently, ultraviolet photolithography is 
able to bring the feature sizes down towards tens of nanometers but in coming years, 
photolithography may become less cost effective than alternative methods. According to the 
International Technology Roadmap for Semiconductor (ITRS-2013),11 lithographic methods 
are becoming very expensive and technically highly challenging. Extreme-UV lithography 
(EUVL) remains the leading candidate for the 22 nm and 16 nm half-pitches, extending it to 
higher resolutions becomes a significant long-term challenge. EUVL with wavelength at 13.5 
nm is recognized as the main hope of the industry to advance Moore’s Law.12 EUVL must 
overcome challenges such as delays in the production of high-power sources, needs for fast 
resists, defect-free and high-flatness masks to be cost-competitive at 10 nm or beyond. 
Lithography is the most expensive cost factor in integrated chip manufacturing and there are 
continued pressures.13 E.g. in 1981, a 5 MB hard drive cost about $3500 or $700/MB. Today, 
in 2015, terabyte hard drives sell for about $100 or $0.0001/MB. The ITRS-2013 has also noted 
that Directed Self-Assembly (DSA) has shown significant progress but defectivity and 
positional accuracy are the biggest concerns which must see rapid improvement.12  
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1.2. Conventional Lithographic Techniques 
History 
Printmaking methods for text were developed in China and date back to 220 AD.14 The plate 
for an entire page would be made from a block of wood by pressing a hand-lettered page to its 
surface to leave character marks in ink and then carving out the surface around the characters. 
This type of printing is called as xylography. The disadvantage of this wood-block printing is 
that it took a long time to fabricate and has size limitations. 
In 1040, moveable type printing was created by another Chinese worker named Bi Sheng who 
made individual characters out of clay and glued them together to form the printing plate.15 
This fabrication technique though saved time but it was not useful due to Chinese culture and 
language which has thousands of characters. In 1452, Johannes Gutenberg from Germany, 
invented the moveable press and he is best known for printing the first commercial Bible.16 
During the 18th century, publications were illustrated, usually with copper plate etchings and 
engraving. In the 19th century, in the wake of the Industrial Revolution, a broad array of new 
techniques were introduced that included wood engraving and notably lithography etc.17 
Lithography (from Greek, lithos, meaning stone and graphein, meaning to write), was invented 
in 1796 by a Bavarian author Aloys Senefelder.18, 19 Using this method, it was possible to 
produce a large number of prints from a single drawing executed on a block of limestone. 
Lithography uses a very simple chemical process to create an image. The principle of 
lithography, relying upon simple chemical principles-the mutual repulsion of oil and water and 
the mutual attraction of salt and water. The image is drawn on the surface of the print plate 
with a fat or oil-based medium (hydrophobic) e.g. something like a wax crayon. Then a mixture 
of nitric acid and gum Arabic is spread over the stone. This solution was used to create a 
hydrophilic layer of calcium nitrate salt and gum Arabic on all the non-written surface. Then 
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the stone was moistened with water, which attracted to the layer of gum and salt created by the 
acid wash. Then the printing ink was rolled over the image. A sheet of paper then placed over 
the surface to transfer the inked image onto the paper. The name lithography became universal 
due to the inscription on Lorenz Quaglio’s famous 1818 portrait of Senefelder, as shown in 
Fig. 1.2, that reads: “Aloys Senefelder: Erfinder der Lithographie and der Chemischen 
Druckerey”, which means Aloys Senefelder: Inventor of Lithography and Chemical Printing. 
 
Figure 1.2. Portrait of Aloys Senefelder by Lorenz Quaglio 
Until the 20th century, nearly all printing techniques were developed and optimized for the 
storage of records meant to be accessed by the human eye; therefore, resolution beyond what 
the naked eye could observe (~50 μm) was not a strong driving force.20 Microlithography and 
nanolithography methods of pattern formation on lithographic principle are capable of 
structuring material on a fine scale. In next part of the introduction, various modern 
lithographic techniques are discussed. Their relationship to the work of Senefelder is obvious.  
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Photolithography 
Photolithography is a three-step process of deposition, exposure and development to pattern a 
layer of photosensitive polymer (photoresist). Photolithography which is also known as optical 
lithography is widely used in the semiconductor industry to produce micron-sized features 
where a selective part of a thin film can be controllably etched.21-23 
In photolithography, the photoresist is spin coated on the substrate which is then exposed in a 
photolithography tool under UV light source using an optical mask as shown in Fig. 1.3. The 
photomask is created by a photographic process and developed onto a substrate. The cheapest 
masks use ordinary photographic emulsion on soda lime glass, while Chrome-on-Quartz glass 
is used for the high-resolution deep UV lithography. In the last step, an alkaline solution is used 
for the development process for few minutes which dissolves the exposed photoresist, leaving 
behind the unexposed resist. 
 
Figure 1.3. Schematic illustration of photolithography process. Patterns are created on a 
substrate by using a UV light source to expose photoresist-coated surfaces through an optical 
mask. 
Photolithography is an advantageous lithographic process because of its capability to achieve 
high throughput at low cost, and which has the capability of simultaneous fabrication on large 
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areas to form many features. However, the major limitation is the light source resolution and 
which is determined by the Rayleigh equation, where the resolution is proportional to the 
exposure wavelength and inversely proportional to the numerical aperture of the optical system. 
Because of this the resolution in photolithography can be improved by reducing the wavelength 
of the light source but secondary factors such as the photoresist materials, photomask and the 
processing equipment can all have an effect on the practical resolution achievable.10 
Electron Beam Lithography 
Electron-beam lithography (EBL) is a technique used for the fabrication of micro- and 
nanostructures, based on the chemical modification of polymer resist films caused by electron 
irradiation.24, 25 In EBL, the resist is exposed by a focused beam of electrons consistently 
moving in the plane of the pattern. As shown in Fig. 1.4, the concept of EBL is similar to 
photolithography or any other lithographies. The substrate is coated with a resist coating. After 
exposure to the electron beam, the patterns can be written on the substrates. The exposed areas 
can be dissolved in a specific solvent to get positive patterns in the resists. As an alternative 
the e-beam can be used to cross-limit the resist to form a solvent resistant area. The unexposed 
areas can then be dissolved to give negative patterns as shown in Fig. 1.4. In simple words, 
positive resists leave positive patterns while negative patterns are formed due to negative 
resists. 
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Figure 1.4. Schematic representation of Electron Beam Lithography (EBL) to write either 
positive or negative patterns in the resist. 
Unlike photolithography, EBL is a mask-free direct writing system. The electron beam is 
controlled by a computer and, therefore, there is no need of masks or templates. Due to the 
sequential scanning of the image, EBL is time consuming process because of the increase in 
exposure time. EBL has a resolution down to a few nanometers with a large depth of focus. 
But due to high cost and very low throughput, EBL has limitations in mass-production 
industries. For example, to expose an area of 1 cm2 would require approximately 10 days, 
whereas to write on 700 cm2 surface area of a 300 mm silicon wafer, the time required will be 
about 20 years. However, multi-beam e-beam systems may improve the practicality of the 
methodology.26 
A single-step approach to form patterned polymer brushes on oxide surfaces by EBL has been 
reported by Rastogi et.al.27 The polymer brushes consisting of an e-beam sensitive compound, 
like poly(methyl methacrylate) (PMMA), were first grown on blanket substrates by surface-
initiated atom-transfer radical polymerization (ATRP), and then exposed to an electron beam 
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to carry out chain scission and thus achieve direct nanoscale patterns. Self-assembled 
monolayers (SAM) of different polymers were patterned on silicon substrates with a resolution 
down to 50 nm using direct e-beam patterning. 
Nanoimprint Lithography 
Regarded as one of the most non-conventional lithographic methods, nanoimprint lithography 
(NIL) is considered as a possible alternative to photolithography due to its low cost, high 
thoroughput and high resolution. Since the invention of NIL by Stephen Chou et al.28-32 to date, 
techniques such as thermal embossing33 and UV nanoimprint lithography (UV-NIL)33 have 
been incorporated into the field of NIL as shown in Fig. 1.5. 
 
Figure 1.5. Schematic illustration of Hot-NIL and UV-NIL. (Adapted from Ref. 34) 
The substrate is first spin coated with polymer resists and then the mold is pressed on the 
substrate. The mold is removed to have imprinted patterns on the substrate from the mold 
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template. To avoid air-bubble while pressing the mold, the imprinting should be done in 
vacuum. In UV-NIL, instead of using a polymer on the substrate, photo-curable resist is used. 
A transparent mold is pressed and UV exposure is used to cure the solution. 
1.3. Block copolymer Lithography 
1.3.1. Introduction 
Current optical photolithography technology approaches the limits for achievable feature size 
and, hence, novel methods of fabrication on the sub-20 nm scale are thought to be of great 
importance. As mentioned earlier, electron beam lithography (EBL), photolithography and 
nanoimprint lithography (NIL) are all “top-down” processes which may be able to fabricate 
future sub 14 nm-node wafer technology. Top-down processes are time consuming, expensive 
and has a resolution limit which further rely on pattern transfer through masks. As an 
alternative, bottom-up processes are emerging as viable alternatives for the fabrication of 
nanoscale features. 
A polymer is composed of a repeating molecular unit, called mer. Copolymers are formed by 
arranging two distinct monomers to form random, alternating, or block patterns. These 
polymers have special geometrical arrangements depends on polymerization techniques to 
form star, comb, brush, ladder, or dendritic architectures. Here, the focus will be on a special 
type of copolymer, block copolymers (BCPs). For industrial applications, block copolymers 
have been used as solubilizers, oil additives, compatibilizers, foams, and as thermoplastic 
elastomers.35 BCPs are a unique class of soft-materials with the ability to self-assemble into 
well-ordered microdomains on the nanometer scale.36, 37 BCPs can be defined as a class of 
polymers formed by covalently connecting two or more different monomers, which are often 
immiscible.38 Due to the structural diversity within block copolymers, diblock, triblock or 
multiblock copolymers can be formed by incorporating two, three or multiple blocks, 
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respectively. Also, various architectures can be formed during synthesis such as linear, 
branched, miktoarm block copolymers, as shown in Fig. 1.6. 
 
Figure 1.6. Block copolymer architectures 
Linear block copolymers generally comprise two or more polymer chains in sequence. Linear 
BCPs are typically synthesized by living anionic polymerization, conducted as early as 1956.39 
During polymerization, an alkali or alkaline earth metal act as a catalyst which is reacted with 
the first monomer and creates a reactive carbanionic site that initiate chain propagation. In this 
manner the first monomer is polymerized and after its complete consumption, the second 
monomer is added, which again is polymerized to completion. After polymerization, the 
reaction is terminated by adding a terminating agent. The synthesized diblock copolymer then 
can be isolated by precipitating in a nonsolvent. It must be noted that the carbanion formed by 
the first monomer must be able to initiate the polymerization of the second monomer (more 
nucleophilic). Under careful control of the polymerization reaction, polymers with close to 
ideal polydispersity can be synthesized. This is indicated by the polydispersity index (PDI) 
which is the measure of the overall distribution of molecular weights of the synthesized 
polymer chains, given by, 
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where, Mw is the weight-average molar mass and Mn is the number-average molar mass. The 
larger the polydispersity index, the broader the molecular weight distribution. Generally, a 
monodisperse polymer where all the chain lengths are equal (e.g. proteins) has an Mw/Mn=1. 
The best controlled synthetic polymers available have Mw/Mn of 1.02 to 1.10. 
In this thesis, we have studied in detailed the self-assembly of diblock block copolymer 
polystyrene-block-poly (4-vinylpyridine) (PS-b-P4VP), and its self-assembly by solvent 
annealing techniques. PS-b-P4VP was first synthesized by anionic polymerization as reported 
by Grosius et.al.40 
1.3.2. Self-assembly of Block Copolymers 
As stated above, BCPs consist of chemically distinct polymer chains covalently bonded to form 
a single polymer chain molecule. Self-assembly of BCPs is an equilibrium process representing 
a balance between repulsive and attractive forces between the two different blocks. Due to their 
mutual repulsion, dissimilar blocks lead to segregate into different domains whilst similar 
blocks aggregate. Self-assembly is a temperature dependent process. At lower temperature, 
enthalpic forces of attractive and repulsion dominate the phase separation, while at higher 
temperature; entropy dominates, driving the polymers towards a homogeneous mixing of 
blocks. It must be noted that, phase separation will only occur when the Gibbs free energy of 
mixing is greater than zero. Flory-Huggins theory,41 is the classical theory for calculating the 
free energy of mixing. The Gibbs free energy of mixing for two homopolymers is given by the 
Flory-Huggins equation: 
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Where ɸ, N, and χ are the volume fraction, degree of polymerization (the total number of 
repeating units) and the Flory-Huggins segmental interaction parameters respectively. Most of 
the understanding of microphase separation of BCPs is centred on the Flory-Huggins 
interaction parameter, which is related to the enthalpic change due to the incompatibility of the 
two different blocks. The phase behaviour of BCPs is strongly affected by the temperature.42 χ 
is inversely proportional to temperature and is given by a relationship of the general term: 
 
where, ‘a’ and ‘b’ are both constants (determined experimentally). Usually ‘b’ has positive 
values. Another parameter that strongly influences the BCPs behaviour is the total degree of 
polymerization N. Since χ is a measure of dissimilarity between the blocks, χN represents the 
total dissimilarity over the whole BCP system. As the temperature increases, χ decreases and 
if the χN value is sufficiently low, the BCP will not phase separate and undergoes an order-
disorder transition (ODT). The extent of segregation of BCPs depend on the χN value. BCPs 
phase behaviour can be divided in three regimes according to the value of χN; strong 
segregation limit (SSL, χN>100), weak segregation limit (WSL, χN~10) and intermediate 
segregation limit (10< χN<100). A simple phase diagram is shown in Fig. 1.7. The focus of 
this thesis will be on diblock copolymer forming lamellar morphologies (f~0.5) in the strong 
and intermediate segregation limit. 
Helfand and coworkers developed the self-consistent field (SCF) theory, for the strong 
segregation limit (SSL), to calculate the free energies, chain conformation and composition 
profiles of BCPs.43-45 The weak-segregation limit used the Landau-Ginzburg approach to 
analyse the free energy was described by Leibler.46 Another method was developed by Matsen 
and coworkers to analyse the ordering of BCPs in bulk and in thin films using mean field theory 
(MFT).47-50 This implementation of SCF theory predicts the phase diagrams and represents 
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state-of-the-art for modelling the ordering of soft materials. A phase diagram derived using 
self-consistent mean field theory to predict the morphologies for a particular phase fraction is 
shown in Fig. 1.7. Different morphologies from the self-assembly of BCPs can be obtained by 
varying the relative volume fraction of blocks, f. Asymmetric diblock copolymers form 
spherical and cylindrical microdomains with increase in volume fraction of the minor block. 
The lamellar morphology can be seen when both the blocks have same volume fraction 
(symmetric diblock copolymer). The morphologies shown in Fig. 1.7 are determined for bulk 
materials. Whereas, for lithographic applications, thin films are desired. 
 
Figure 1.7. Typical phase diagram of a diblock copolymer, calculated using self-consistent 
mean field theory. The different phases are: L: Lamellar, C: hexagonally packed cylinders, S: 
Spheres packed in a bcc lattice, G: gyroid, S: closed packed spheres 
As can be seen from Fig. 1.7, phase boundaries are vertical in the SSL, but become curved with 
lowering χN. BCPs with volume fractions near the phase boundary between two morphologies 
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can allow thermally induced order-to-order transition (OOT), since χ varies according to the 
change in temperature. In the case of lamellar morphology (f = 0.5), the stretching energies of 
the blocks are balanced and the molecules pack into flat interfaces. Whereas, the asymmetric 
blocks favours curvature of the interface toward the minority domain which stretch but this 
stretching is compensated by relaxation of the larger block matrix. The lamellar phase remains 
stable to f = 0.375, because no other structure offers a small enough interfacial curvature.51 
There is a lower limit of χN = 10.5, below which phase separation cannot usually be achieved.  
BCP thin films can be formed by different techniques like dip-coating, flow-coating, and spin-
coating.52-54 During these techniques, the solvent may be evaporated slowly to achieve the 
thermodynamic equilibrium, although this is usually not seen in spin coating where solvent 
evaporation is very rapid. The casting of BCPs is usually performed by two primary methods 
mainly, spin coating and flow coating. In spin coating, the BCP solution is prepared in a volatile 
solvent and is deposited on a substrate undergoing rapid rotation. During rotation, the solution 
flows off to form a uniform thin film. After spin coating, the solvent trapped inside the BCP 
thin film is subject to solvent evaporation which leaves a film with low surface roughness. The 
final film thickness depends on the nature of the polymer solution (surface tension, drying rate 
and concentration). Zhang et al, 55 have reported that the surface morphology of BCPs can be 
altered by flow-coating. Flow-coating of BCP films creates higher residual stress by stretching 
the polymer chains into non-equilibrium conformations. After spin coating, the residual film 
thickness largely depends on the spinning speed and the concentration of the BCP solution. 
The film thickness is also found to be dependent on the molecular weight and the molecular 
weight distribution (PDI) of the BCPs.56 In this thesis, we have only used the spin-coating 
method to prepare the thin films of block copolymers. Silicon wafers were used for spin-coating 
due to the flat surface and industrial importance. The surface energy difference between 
substrate and BCPs should be minimal to avoid dewetting. The substrate can be modified by 
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surface treatment or other substrates can be used to better match the surface energy of the 
deposited BCP to avoid dewetting.57-59 
1.3.3. Block copolymer thin films 
Thin films of BCPs can be used as templates or etch masks in lithography. The thickness of 
thin polymer film can be controlled by the concentration of the polymer solution and the spin 
speed to coat the polymer solution on a substrate. However, the phase behaviour of BCP thin 
films are more complicated compared to BCP bulk due to the interfacial energies as well as the 
commensurability between the film thickness (t), the microdomain spacing (L0) and 
confinement effects imposed at both polymer-substrate and polymer-air interfaces. For a 
lamellae-forming BCP thin film three possible configuration are as shown in Fig. 1.8. 
 
Figure1.8. Possible configurations of lamellae forming diblock copolymer: parallel lamellae 
with (a) symmetric wetting, (b) asymmetric wetting and (c) perpendicular lamellae at neutral 
surface. ‘n’ is integer (n=1, 2, 3…) 
In BCP thin films, the orientation of the BCP microdomains is critical for BCP lithographic 
applications. Due to the high aspect ratio, perpendicular orientation of either cylinder or 
lamellae microdomains are favoured. Different surface energies of both blocks hinder the 
perpendicular orientation since segregation of one block to the interface is favoured. The 
covalently bonded blocks prefer parallel orientation to the substrate due to the strong 
preferential interaction of one block to the surface of the film or the substrate interface. If the 
same block is found at substrate or at air interface, symmetric wetting is observed (t = nL0), as 
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shown in Fig. 1.8 (a). However, if one of the block preferentially wets the interface either with 
the substrate or air, an asymmetric wetting is formed (t = (n+0.5)/L0), as shown in Fig. 1.8 (b). 
Whereas, if the substrate surface becomes neutral, when there is no preference for blocks to 
wet the confining surfaces, to perpendicularly oriented lamellae with low free energy can be 
formed, as illustrated in Fig. 1.8 (c). When the substrate surface is neutral, i.e. the interfacial 
interactions of both blocks are equally favourable (or unfavourable), there is no preferential 
segregation of the components to the interfaces. When the thickness of the film is not 
commensurate to the equilibrium lamellar spacing, the orientation can change depend on the 
interfacial energy and either holes or island will form maintaining the parallel orientation to 
adjust the local film thickness.60 
The surface selectivity can be minimized to obtain perpendicular orientations in thin films 
using various surface treatments. These include random copolymer brushes, 61, 62 crosslinked 
random copolymers, 63 functionalized random copolymers, 64 and self-assembled monolayers 
(SAM).64 
1.3.4. Solvent Vapour Annealing of Block copolymer thin films 
Due to the fast solvent evaporation, during spin coating, it is likely that the BCP chains get 
trapped into nonequilibrium state of ‘frozen’ state leaving the microdomains disorganized and 
in poorly ordered arrangements. It is difficult to obtain an ordered morphology of as-cast films, 
regardless of careful precautions taken during film preparation. To enhance the ordering of the 
BCP microdomains, either thermal annealing or solvent vapour annealing (SVA) are 
introduced to increase the mobility of the polymer chains to facilitate the microphase separation 
and annihilation of defects. 
Thermal annealing is the simplest and was initially the most commonly used technique for 
aligning the BCP thin film morphologies. BCP thin films are generally placed in a heated 
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chamber above the glass transition temperature (Tg) of both blocks and kept at elevated 
temperature for a certain time before cooling the thin films to room temperature. During 
heating, the polymer chains become mobile and rearrange via enthalpically driven 
thermodynamics and allow increases in ordering by minimizing the non-equilibrium effects at 
the surface due to casting and, thus, equilibrium morphology is approached.65, 66 For example, 
the most commonly used BCP system, polystyrene-block-polymethylmethacrylate (PS-b-
PMMA) usually undergoes thermal annealing at temperatures between 160 oC and 250 oC. 
Heating the BCP thin film above its Tg also removes any residual solvent in the film from 
coating. To avoid unwanted chemical contact or contamination, thermal annealing is carried 
out either in vacuum or under inert atmosphere for the required time.67 Thermal annealing is 
found to be a molecular weight dependence method; for high molecular weight systems slow 
diffusion hinders the chain rearrangement and annealing for long periods (144 h) is not enough 
to obtain long range ordering.68, 69 Due to the required temperature window, extensive 
annealing times, the kinetics of the order-disorder transition, thermal annealing may not be 
useful for all BCP systems. BCPs with high χN, are often difficult to process with thermal 
annealing due to the thermal degradation of BCP at high temperature since the temperature 
used is above ODT. 
Solvent vapour annealing (SVA), 70 is another effective annealing technique for fabrication 
of highly ordered vertically orientated lamellar and cylindrical microdomains in thin BCP 
films. In the SVA technique, the BCP films absorb solvent in the form of a vapour. To achieve 
long-range ordered morphologies without using elevated temperature, vapours of a “good” 
solvent are exposed to the thin films. A good solvent is one which facilitates solvent swelling. 
Despite a lack of complete understanding of mechanism of SVA, a few key points are 
summarized and discussed further below. 
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1. The solvent vapour acts as a plasticizer which imparts significant mobility to the BCP chains 
to reduce Tg of blocks below ambient temperature. This is an alternative to thermal annealing 
to achieve a higher chain mobility.71-74 
2. Solvent trapped in thin films affects the interaction between blocks (i.e. separates chains) 
which leads to change in morphology by reducing the χeff. 
3. The presence of solvent vapour may establish an interface that is preferential to one block at 
the free surface and so may help to orientate the microdomains. 
Libera and coworkers were one of the first groups to report that solvent evaporation could be 
used to increase the ordering and orientation of BCP microdomains.75, 76 To control BCP 
morphology, various ratios of selective and partially selective solvents can be used.77, 78 By 
increasing the vapour pressure of the solvent the degree of solvent vapour uptake in the film 
will be increased and so increase the chain mobility. The absorbed solvent will also 
successively decrease interfacial interactions between blocks. As reported by Lai et al.,79 
selective solvents can swell the domain spacing over the value for the bulk diblock copolymer. 
Niu et al. has shown that the residual solvent remaining in BCP films can also play a role in 
the ordered structure formation, which is not possible to observe by thermal annealing.80 Due 
to swelling in thin film, the L0 of the film can be greater than the bulk L0, affecting 
commensurability of the film.71, 81  
Because of this complex array of solvent effects, it must be noted that during SVA, the order 
and orientation of the BCP thin films can respond to multiple processes and so depend upon a 
balance of the kinetics associated with each process. Thus, the morphology of the film by spin-
coating or during SVA may be very different to that of the BCP in the bulk. 
In the SVA technique, the introduction of the solvent vapour in the annealing chamber can be 
carried out in two different ways. In the first method, as shown in Fig. 1.9, the as-cast thin film 
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of BCP and the annealing solvent or mixture of solvents in glass vial is placed in an airtight 
chamber to process the solvent annealing. This is a ‘static’ technique. The chamber or reservoir 
can be replaced by an airtight glass bottle. The vapour pressure inside the chamber can be 
determined by the amount of solvent in the glass vial, the volume of chamber, the surface area 
of the solvent, humidity, temperature as well as the annealing time. This setup is not ideal as 
monitoring vapour pressure is not possible. 
 
Figure 1.9. Solvent vapour annealing (SVA) in closed jar containing thin BCP film and vial of 
annealing solvent 
In another approach, custom made annealing apparatus are used, 82 and the solvent vapours are 
carried by compressed inert gas bubbling into the annealing chamber rather than direct 
exposure as explained earlier. This is a more ‘dynamic’ methodology. The partial vapour 
pressure of solvent vapour can be controlled by changing the relative mixing ratio of solvent 
vapour in the inert gas flow with a pure inert gas flow. Due to the dilution of solvent vapour 
by inert gases, use of high vapour pressures is somewhat limited. Gotrik et al successfully used 
solvothermal annealing to align a polystyrene-block-polydimethlysiloxane (PS-b-PDMS) 
cylinder forming copolymer to generate arrays of hexagonally packed cylinders using a custom 
apparatus, which enables a solvent vapour annealing and a thermal quenching step to remove 
the solvent in the film.83 
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Solvent vapour annealing is more complex than thermal annealing, since choosing an ideal 
solvent is important. Hence, different morphologies in BCP films can be observed when 
annealed in different solvent vapours. Interaction between the blocks as well as their volume 
fractions can be changed while SVA, due to the differences in solubility of the block in a 
specific solvent, can lead to changes in morphology from that predicted by composition. The 
use of ideal non-selective organic solvents (i.e. without preferential adsorption on one of the 
blocks) is rare. If the solvent is highly selective to one block it leads to non-favourable 
interactions and can shift the morphology into non-equilibrium structures.77, 79, 81, 84, 85 In the 
case of neutral solvent (both blocks are equally soluble in the solvent), a neutral surface to 
orient the microdomains perpendicular to the surface plane will be formed. If the equilibrium 
concentration of the solvent in the BCP is too high, it can lead to high chain mobility and 
minimization of the block-block interaction. This can drive the system into a disordered state 
although during solvent removal from the film the microdomains can self-assemble at the 
surface.74 SVA provides a simple route to phase separate BCPs and allow self-assembly to 
generate different morphologies under different solvent vapours. An extensive review on the 
SVA in thin BCP films has been reported by Sinturel et al.70 Different orientations of the 
cylindrical microdomains of polystyrene-block-polyethylene oxide (PS-b-PEO) thick films 
could be achieved by using different solvent evaporation rates.86 SVA of high χ block 
copolymers is of particular interest since in the last decade this have been used to generate 
smaller feature sizes. Thus, BCPs like PS-b-PDMS, PS-b-PEO, PS-b-P2VP, and PS-b-P4VP 
etc. are solvent vapour annealed under different environment to yield nanostructured 
microdomains.77, 81, 87-96 
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1.4. Self-assembly of PS-b-P4VP Block Copolymers 
There has been an increase in interest on study of BCPs with high Flory-Huggins interaction 
parameter, χ. This allows microphase separation to be achieved for lower molecular weight 
BCPs and, so, smaller domain periodic structures can be formed. In particular, as shown in 
Table 1.1, PS-b-P4VP BCP has a larger χ value than PS-b-PI, PS-b-PEO, PS-b-PMMA, PS-b-
PDMS, PS-b-PLA and PS-b-P2VP BCPs, thus enabling microphase separation at very low 
molecular weight and the formation of highly ordered microdomains of features with sizes less 
than 10 nm is possible. It should also be noted that the interfacial energies of the different 
blocks can play an important role in controlling domain orientation in BCP thin films. In PS-
b-P4VP, PS and P4VP have similar surface tensions of 41 nMm-1 and 48 nMm-1 respectively, 
at the air/polymer interfaces. Hence, there is little real preference for one block at the surface.  
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Table 1.1. Structures and Flory- Huggins parameters for different block copolymers 
 
BCPs 
 
Structure 
Flory-Huggins 
parameter (χ) 
χ at 25oC Reference 
 
 
PS-b-PI 
 
 
 
 
33T-1 - 0.0228 
 
 
~0.09 
 
 
62 
 
 
PS-b-PEO 
 
 
 
 
29.8T-1 - 0.023 
 
 
~0.08 
 
 
64 
 
 
PS-b-PMMA 
 
 
 
 
4.46T-1 + 0.028 
 
 
~0.043 
 
 
63 
 
 
PS-b-PDMS 
 
 
 
 
68T-1 + 0.037 
 
 
~0.265 
 
 
64 
 
 
PS-b-PLA 
 
 
 
 
98.1T-1 - 0.112 
 
 
~0.22 
 
 
61 
 
 
PS-b-P2VP 
 
 
 
 
63T-1 - 0.033 
 
 
~0.18 
 
 
65 
 
 
PS-b-P4VP 
 
 
 
 
NA 
 
 
~0.34 
 
 
66 
 
PS P4VP 
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Another complexity possible in these systems is the ordering to form self-assembled structures 
in solution. The block copolymers can often be combinations of hydrophobic and hydrophilic 
moieties. Self-assembly of the BCP into micelles is possible and can lead to formation of well-
defined arrangements of various sizes and shapes in dilute solution. Both, polar (water) and 
non-polar (toluene, chloroform) solvents can form micelles or inverse micelles. In the case of 
PS-b-P4VP, when dissolved in toluene, the formation of micellar structures is observed. 
Toluene is a selective solvent for PS while P4VP is insoluble in toluene. Upon dissolution at a 
low concentration solution (critical micelle concentration is 0.065 mg mL-1), PS-b-P4VP BCPs 
show strong spherical micellization. Because of the preferential interaction of toluene with the 
PS block the micelles have a PS corona and the P4VP block is in the core. When the casting 
solution is spin-coated on the substrate surface, these micelles can survive spin coating/solvent 
evaporation in the given conditions and form a monolayer or monolayers of densely packed, 
robust hemi-micelles on the substrate surface and form a disordered hexagonal arrangement. It 
must be noted that, the size of the micelle formed depends on the length of the polymer block 
(degree of polymerization). Micellar cores can be considered as nanoreactors in which 
inorganic precursors can be loaded to fabricate uniform nanoparticles.97 Usually, the precursor 
is loaded into the micellar core simply by stirring the precursor metal salt in the micellar 
solution. With the strong interaction of the polymer with metal ions, metal ions are bound as 
polymeric ligands or as counterions. In PS-b-P4VP, P4VP is a strong metal-chelating agent 
and large number of different metal ions can be loaded into the P4VP core of the micelles.98-
100 This type of chemistry will form an important part of this work as will be described.  
The pyridine block present in PS-b-P4VP is the active functional component. Due to the 
presence of the heterocyclic nitrogen containing aromatic group (pyridine) it is hydrophilic in 
nature. The N-atom is in sp2 hybridization state, the lone pair of electrons on nitrogen does not 
take part in the aromatic ring structure. Electronegativity of nitrogen is greater than carbon 
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which generates a dipole moment in the vinylpyridine molecule that allows easy protonation 
of pyridine. This property of pyridine (pyridinium cations) is used in complex formation with 
metallic salts. The P4VP block can be easily modified by protonation, coordination chemistry, 
ioniziation and supramolecular chemistry, which allows additional control at nanoscale 
dimensions. Addition of small molecules by H-bonding (supramolecular chemistry) can allow 
the formation of nonporous materials. The additives can then be simply removed by dissolving 
in a suitable solvent. The supramolecular PS-b-P4VP BCP system has been well studied in 
bulk and in thin films. The small molecules are introduced to alter the relative volume fraction 
of the P4VP block inducing morphological changes to form a variety of hierarchical assemblies 
by intermolecular hydrogen bonding. Ikkala and ten Brinke and co-workers reported the bulk 
structures of PS-b-P4VP complexed with 3-n-pentadecyl phenol (PDP).101-106 The sample 
preparation is very simple, the BCPs and small molecules are usually dissolved in organic 
solvents to obtain a low concentration solution and then annealed in suitable conditions. Stamm 
and coworkers studied thin films from the supramolecular assembly of PS-b-P4VP and 2-(4’-
hydroxybenzeneazo) benzoic acid (HABA).78, 107-109 Nonporous structures derived from PS-b-
P4VP was also studied by using different additives: 4-n-nonadecylphenol (NDP),110 4-
dodecylbenzenesulfonic acid (DBSA),111 phosphoric acid (H3PO4),112 fullerene (C60),113 
phenolic resin,114 1-pyrenebutyric acid,115 1-napthol (NOH) and 1-napthoic acid (NCOOH),116-
118
 the EDOT family: ((3,4-ethylenedioxythiophene) (EDOT), 3,4-(2,2-
dimethylpropylenedioxy) thiophene (ProDOT), and hydroxymethyl -3,4- 
ethylenedioxythiophene (HMeDOT)), 119 and cholesteryl hemisuccinate (CholHS). 120 Lee et al, 
in 1988, reported one of the first examples of a nanoporous polymer from an ordered block 
copolymer. 121 In BCPs, nanoporous films can be made by removing one of the blocks by 
etching,122-124 hydrolysis,125 ozonlysis,126 or by depolymerisation.127 As an alternative to these 
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above mentioned harsh conditions, comparatively easy and mild conditions can be achieved by 
using noncovalent H-bonds to form the nanostructured materials.128 
 
Figure 1.10. (A) H-bonded supramolecule obtained by intermolecular H-bonding between 
pentadecylphenol and PS-P4VP block copolymer. (B) Schematic representation of 
nanostructure material obtained. (C) Lamellar-within-cylindrical structure before PDP 
removal. (D) After PDP removal, the cylindrical structure is obtained under mild conditions. 
(Adapted from Ref. 102) 
The H-bonding interaction between pyridine (from PS-b-P4VP) and phenol has been used. 
Pyridine acts as the H-bond acceptor whereas phenol acts as H-bond donor. As shown in Fig. 
1.10, the self-assembly of block copolymers by using phenols resulted in formation of 
hierarchical porous structures. PS was used for the glassy rigid state and the P4VP block forms 
H-bonding with stoichiometric amounts of pentadecylphenol (PDP), which results in formation 
of comb coil diblock copolymer. The cylindrical morphology in a glassy rigid PS matrix was 
formed, where P4VP-PDP blocks were organized in a lamellar phase within the cylinders. In 
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the later stage, PDP was removed by washing, resulting in hollow cylinders with P4VP brushes 
on the walls. In the same way, different additives (listed above) can be used to generate 
nanoporous structures.  
In another method, as reported by Ghoshal et al,129 nanoporous structures can be generated by 
a simple solvation process rather than complex chemical co-ordination between precursor and 
one of the block of BCP, as shown in Fig. 1.11.130 
 
Figure 1.11. Schematic representation of the fabrication of oxide nanodots from (A) highly 
ordered self-assembled PS-b-PEO by solvent annealing method. (B) After activation of PEO 
cylinders. (C) Metal oxide precursor on top of the activated film by spin coating. (D) Oxide 
dots after UV/Ozone treatment. (Adapted from ref. 129) 
As shown in Fig. 1.11, Ghoshal et al. used an asymmetric PS-b-PEO diblock copolymer to 
fabricate oxide nanodots on a silicon substrate. A BCP solution was prepared from toluene to 
yield a 0.9 wt% solution. A thin film was then fabricated by spin coating on to a silicon 
substrate. Solvent annealing was performed in mixed vapours of toluene-water (50:50, v/v) for 
1 h. The phase segregated thin films were then immersed in ethanol to “activate” the film. It is 
unknown what this does but it appears to partially etch the PEO block leaving behind a partially 
nanoporous film. Different oxide nanodots were fabricated by dissolving the salt to form 
precursor solutions and spin coating on the nanoporous film. UV/Ozone treatment was used to 
oxidise the inorganic components in the film and also to remove the organic residues. Ghoshal 
et al.131 have also reported the fabrication of nanowires by a similar inclusion technique as 
shown in Figure 1.12. 
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Figure 1.12. Schematic illustration of the fabrication of Si nanowires. (A) Spin coated PS-b-
PEO BCP (B) Solvent annealed phase separated PEO cylinders parallel to the substrate in the 
PS matrix (C) Activation of PEO cylinders (D) Metal precursor solution spin coated on the 
activated film (E) After UV/Ozone treatment (F) Si nanowires fabrication by silica and silicon 
ICP etch process. (Adapted from ref. 131) 
Solvent annealing of thin films of asymmetric PS-b-PEO systems in toluene produces 
hexagonally arranged PEO cylinders parallel to the substrate in PS matrix. These PEO 
cylinders can be activated to generate a nanoporous template for the metal ion inclusion. Iron 
oxide nanowires were then prepared by spin coating a metal ion precursor solution followed 
by UV/Ozone treatment. Si nanowires were fabricated by a sequential silica and silicon ICP 
etch respectively. A similar approach was used for the fabrication of Si nanowires by Cummins 
et al.132 A cylinder forming asymmetric PS-b-P4VP block copolymer, with a P4VP minor 
component, phase separates upon solvent annealing and generates cylinder parallel to the 
substrate. After phase separation, the metal ion precursor solution was spin coated and the 
UV/Ozone treatment was used to oxidise the precursor to form oxide nanowires and remove 
the polymers. This was then followed by silica and silicon etching in a plasma chamber. 
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However, despite the success of these procedures the use of cylindrical structures is not 
considered ideal. The thickness of the films is limited to a single layer of cylinders and, further, 
the curved shapes formed are not ideal for pattern transfer to a substrate. Because of these 
limitations a lamellar form is considered ideal. This thesis addresses the development of a 
simple method to self-assemble lamellar block copolymers (BCPs) by a solvent annealing 
technique, to control the BCP-induced feature spacing, and to build nanostructure templates by 
using BCP thin films. For the first time, the inclusion process will be used for lamellar forming 
systems of very low dimension. In the following chapters, the fabrication strategies, 
experimental designs, and the characterization of the generated nanostructures will be 
presented. This thesis focuses on the study of the assembly of block copolymers as: 
1. The morphological study of high χ self-assembled BCPs in selective solvents. 
2. Feature size control. 
3. The application of BCPs to generate hard masks. 
4. The fabrication of 2-dimensional (2D) materials 
Specifically, this research focused on the self-assembly of lamellar forming poly (styrene)-
block-poly-(4-vinypyridine) (PS-b-P4VP). 
In Chapter 2, the large molecular weight lamellar PS-b-P4VP block copolymer self-assembly 
by solvent vapour annealing is discussed. The microphase morphology and orientation control 
by a solvent effect is also shown. 
In Chapter 3, feature size control of PS-b-P4VP block copolymer self-assembly is shown to 
generate sub 6-nm half pitch patterns. In this chapter the solvent influence on the structure, 
which is in contrast with large molecular weight, is discussed. 
In Chapter 4, a novel, simple and in situ hard mask technology to generate metal oxide 
nanowires by block copolymer inclusion technique is discussed. 
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In Chapter 5, the 2D layered MoS2 fabrication by using block copolymer self-assembly is 
discussed. By using large molecular weight PS-b-P4VP block copolymer, systematically MoO3 
nanowires are fabricated (which also can be used as hard masks). A simple sulfurization route 
was developed to form MoS2 at different temperatures. By TEM analysis, a few layers of MoS2 
structure were fabricated. 
Finally, the main conclusions of this work will be summarized and an outlook for their potential 
applications will be given in the final chapter. 
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2 
The Effect of Solvent Vapour Annealing 
Conditions on the Thin Film Morphologies of 
Lamellar Forming Polystyrene-block-Poly(4-
vinylpyridine) Block Copolymers 
 
2.1. Abstract 
In this work, we report a very simple and efficient method to form lamellar structures of 
symmetric polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) BCP thin films with vertical 
(to the surface plane) orientated lamellae using a solvent annealing approach. The methodology 
does not require any brush chemistry to engineer a neutral surface and it is the block neutral 
nature of the film-solvent vapour interface that defined the orientation of the lamellae. The 
microphase separated structure of two different molecular weight lamellar forming PS-b-P4VP 
block copolymers formed under solvent vapour annealing was monitored using atomic force 
microscopy (AFM) so as to understand morphology changes of the film under solvent 
exposure. In particular, the morphology changed from micellar structures to well-defined 
microphase separated arrangements. The choice of solvent (single and dual solvent exposure) 
and the solvent annealing conditions had important effects on morphology of the films and it 
was found that a block neutral solvent was required to realize vertically aligned P4VP lamellae. 
The results of exposure of phase separated films to ethanol are also described. 
2.2. Introduction 
Block copolymers (BCPs) of two or more chemically immiscible polymer chains can, under 
certain conditions, phase separate to form well-ordered morphologies with feature sizes of 
around 5 to 50 nm in thin films.1 BCPs may be one of the most useful classes of nanomaterials 
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because of their ability to self-assemble and subsequently template organic, inorganic, 
semiconducting, metallic or biologically relevant materials.2-11 The BCP equilibrium, self-
assembled structures that can form are lamellar, cylindrical, spherical as well as more complex 
gyroid and other 3D arrangements depending on their composition. The domain and spacing 
sizes of the patterns varies with block molecular weight. The Flory-Huggins interaction 
parameter (χ), a measure of block chemical dissimilarity, combined with the degree of 
polymerization (N) dictates if the structure will formed will be ordered12, 13 with a χN value of 
>10.5 needed for the spontaneous formation of microphase separated structures.14, 15 Spin-
coating from dilute solvent onto flat substrates is the most convenient method of thin film 
formation but the as-spun films are usually in a non-equilibrium state due to the competition 
between microphase separation and vitrification as solvent evaporation proceeds.16 Self-
assembly of BCPs can be achieved through annealing the BCP thin film under a suitable 
environment, either at elevated temperature using thermal annealing17, 18 or by annealing in 
solvent vapour.19-25 Of particular interest here is solvent vapour annealing (SVA) since well-
defined film patterns can be achieved at much lower process temperatures/times than thermal 
annealing. In solvent annealing, the solvent vapour permeates, swells and separates the polymer 
chains providing mobility by lowering the effective glass transition temperature. 
Because of their potential as an “on-chip” etch mask in integrated circuit manufacture, 
orientational control (i.e. direction vertical or parallel to the substrate plane) is a critical issue.26, 
27 This can be challenging particularly for lamellar systems where preferential interface 
interactions and surface energies can result in horizontal orientations and/or preferential 
wetting layers.28 Examples include polystyrene-b-polymethylmethacrylate (PS-b-PMMA) 
which is well studied for device applications but requires a well-defined random polymer brush 
layer on top of the silicon substrate to provide ideally oriented patterns.29 Polystyrene-b-
polydimethlysiloxane (PS-b-PDMS) is another potential material for circuit fabrication but 
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generally requires a carefully controlled brush layer or substrate molecular functionalization.30 
Other potential solutions include “capping layers” but a simple method was first demonstrated 
by Libera and co-workers,31 that solvent evaporation upon casting could orientate asymmetric, 
cylinder-forming during solvent evaporation. However, this mechanism is not clear and other 
authors suggest that the chemistry of the solvent vapour at the polymer surface drives 
orientational control.25 
An ideal line-forming BCP pattern for circuit fabrication would be lamellar-forming (since 
pattern transfer from cylindrical arrangements is challenging)27 and have high χ (since they can 
phase separate into small domain size/spacings, have smaller inter-domain diffusion regions 
and produce patterns with less defects). The use of high-χ BCPs is, however, challenging since 
it is difficult to ensure perpendicular orientation of the blocks to the substrate plane and, further, 
obtaining well-ordered, defect free patterns can be kinetically slow.32 At room temperature, the 
χ parameter of PS-b-P4VP (χ~0.34)33 is considerably higher than those of PS-b-PDMS 
(χ~0.26),34 PS-b-PMMA (χ~0.06),35 PS-b-P2VP (χ~0.18),36 PS-b-PEO (χ~0.08).37 Further, the 
surface energies of PS and P4VP are similar and so limit phase separation at interfaces38 whilst 
the functionality of the block is ideal for inclusion of inorganics for enhancement of etch 
contrast. Thus, the PS-b-P4VP system has significant potential in device fabrication. However, 
the self-assembly of lamellar forming systems of high χ is challenging due to a strong tendency 
towards micelle formation in number of common polymer solvents such as toluene.39 Indeed, 
this strong micellization has been used for the incorporation of metals and semiconducting 
materials into the P4VP core in solvents favouring PS.40, 41 Sohn and co-workers42 have shown 
long range lateral ordering of PS-b-P4VP micelles is possible. Generally, the micelles formed 
by lamellar PS-b-P4VP are robust and resistant to both thermal and solvent annealing and in 
order to form microphase separated domain structures, careful attention to the selection of both 
casting and annealing solvents is required.16 
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SVA methodologies are well developed. This chapter extends the understanding of SVA by 
extension to an important BCP which shows very strong tendency to form micelles in both 
solution and thin films and provides details of a robust solvent annealing method to form 
periodic, orientationally controlled, lamellar structures and provide understanding of the nature 
of the SVA solvent needed to affect these arrangements. 
2.3. Experimental  
2.3.1. Materials 
Two different PS-b-P4VP BCPs were purchased from Polymer Source Inc. (Montreal, 
Canada). Table 2.1 shows the molecular characteristics of the polymers used in this work. BCP 
were used without any further purification. Reagent grade toluene, tetrahydrofuran (THF) and 
ethanol were purchased from Sigma-Aldrich. 
Table 2.1. Molecular characteristics of the PS-b-P4VP Diblock Copolymer 
Polymer Total Mn 
(x 103 g/mol) 
 
Mw/Mn P4VP 
fraction 
BCP morphology (*) 
 
PS20k-b-P4VP17k 
 
 
37.0 
 
1.08 
 
0.46 
 
L 
 
PS9k-b-P4VP9.2k 
 
 
18.2 
 
1.09 
 
0.51 
 
L 
*L= Lamellae forming 
2.3.2. Thin film preparation, solvent annealing and characterization 
The polymers used were generally dissolved in toluene-THF mixtures to yield 0.5 weight % 
solutions and were stirred overnight at room temperature to ensure complete solution. A 
toluene-THF (80/20, v:v) mixture was found to be the optimum composition providing periodic 
arrangements in short times (see below). Substrates were silicon (100) wafers with an 
interfacial oxide of 2 nm and were cleaned by sonicating for 15 min in toluene, followed by 10 
min in THF and then dried under a stream of nitrogen. A final cleaning using a UV/ozone 
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treatment for 15 min was performed. The cleaning procedure lowered the water contact angle 
significantly (36o for bare silicon and 0o for UV/ozone cleaned) making the surface more 
hydrophilic. This resulted in a more uniform, high coverage thin film presumably due to 
increased affinity to the P4VP block. Thin films of required thickness were prepared by spin-
coating the polymer solutions onto the substrates at 3000 rpm for 30 s using a Speciality 
Coating Systems G3P-8 spin-coater. Solvent annealing was used to generate well-defined 
periodic structures. The samples were placed in a glass bottle (100 mL size) containing a 
smaller vial holding 10 mL of solvent. As-cast samples were then solvent annealed at 50 oC for 
a range of different times (30 min to 6 h). The annealed samples were immediately removed 
from the vials and kept at room temperature for few minutes to ensure the rapid and complete 
evaporation of the solvent. The rapid removal time was used so that swollen features were 
kinetically “frozen-in” for analysis. All samples were analysed using atomic force microscopy 
(AFM, Park Systems XE-100) and topographic images were collected in non-contact tapping 
mode. Secondary electron microscopy (SEM, FEI Inspect F) was also used as an imaging 
method. 
2.4 Results and Discussion 
2.4.1 Micellization of PS-b-P4VP 
A 0.5 wt% solution used here for spin casting is well above the known critical micelle solution 
for PS-b-P4VP (0.065 mgmL-1) and strong spherical micellization is expected when dissolved 
in toluene.43 Because of the preferential interaction of toluene with the PS block the micelles 
have a PS corona and the P4VP block in the core.44 When the casting solution is spin-coated 
on the substrate surface, these micelles survive spin coating/solvent evaporation and in the 
conditions used here, form a monolayer of densely packed, robust hemi-micelles on the 
substrate surface and form a disordered hexagonal arrangement (Figure 2.1(A)). In the AFM 
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image, lighter colours correspond to the P4VP block and the darker colour to PS. The formation 
of strong spherical micellization in these mixtures is observed by the bluish translucent colour 
of the polymer solution.45 Below, 0.5 wt% casting solution concentrations, the micelles become 
progressively less densely packed and it is possible to resolve the micelle structure using SEM 
(0.3 wt%). In Figure 2.1(B), the micelles do not cover the whole surface and open areas of the 
substrate can be seen. At higher resolution, Figure 2.1(C), a densely packed P4VP core can be 
clearly observed as a bright sphere with the less densely packed PS corona seen as tendrils 
extending across the substrate. It can be seen that the PS component has collapsed to the 
substrate either the result of surface interactions and/or the removal of the solvent. 
 
Figure 2.1. AFM images of a PS20k-b-P4VP17k thin films, 0.5 wt% casting solution (A). (B) 
and (C) are SEM images of similar films formed at 0.3 wt%. The micelle nature of the film can 
be very clearly seen in (C). 
 
Chapter 2: The Effect of Solvent Vapour Annealing Conditions on the Thin Film Morphologies of Lamellar Forming 
Polystyrene-block-Poly(4-vinylpyridine) Block Copolymers 
 
53 
2.4.2 Microphase separation by solvent selective annealing 
In order to rearrange these films into microphase separated structures, extensive annealing was 
needed. Thermal annealing was not very effective and instead solvent annealing was found to 
be much more efficacious. As previously reported,16 the choice of solvent is dictated by the 
materials’ solvent parameter. For these strongly micelle forming systems, it is suggested that a 
solvent that is effectively neutral (favours both blocks) is required as this negates micelle 
formation. The Hildebrand solubility parameter can be used to indicate the similarity of the 
solvent to a polymer and, hence, solubility.46 However, for the PS-b-P4VP system this 
approach is somewhat over simple since P4VP has considerable polarity. In this case, the 
Hansen solubility parameters are more useful providing estimates of individual contributions 
for dispersive (van der Waals), polar and hydrogen bonding.47 Table 2.2 lists known Hansen 
solubility parameters for the materials used here. Toluene is poor solvent for the P4VP block 
because of its low polarity but a reasonable solvent for PS, THF is a good solvent for the P4VP 
block because of the good match with both its polarity and hydrogen bonding. Overall, it could 
be argued, that THF appears to be a better solvent for the block copolymer than toluene alone 
(since it has a reasonably similar dispersion component to PS as well as a polar component for 
THF) and hence it was used as the primary component in the casting solutions described above. 
Table 2.2. Hansen Solubility Parameters (MPa1/2 for Relevant Materials) 
Material δd δp δh 
Toluene 18.0 1.4 2.0 
THF 16.8 5.7 8.0 
Ethanol 15.8 8.8 19.4 
PS 18.6 0.2 0.0 
P4VP 18.1 6.8 7.2 
PS-b-P4VP 19.3 5.9 0.9 
Note to table: Hansen Solubility Parameters were taken from various sources.48-50  
Chapter 2: The Effect of Solvent Vapour Annealing Conditions on the Thin Film Morphologies of Lamellar Forming 
Polystyrene-block-Poly(4-vinylpyridine) Block Copolymers 
 
54 
 
Figure 2.2. Topographic AFM images (1x1µm) of PS9k-b-P4VP9.2k cast from toluene/THF 
(80/20) and solvent annealed at 50 oC for 4 h in different saturated solvent vapour environments 
of: (A) pure toluene, (B) toluene/THF = 90/10, (C) toluene/THF = 80/20, (D) toluene/THF = 
70/30, (E) toluene/THF = 60/40, (F) toluene/THF = 50/50, (G) toluene/THF = 40/60, (H) 
toluene/THF = 30/70, (I) toluene/THF = 20/80, (J) toluene/THF = 10/90 and (K) pure THF. 
All solvent compositions are given as (v/v). FFT patterns inset show the difference in the 
degree of order. 
The more neutral nature of THF can be verified by the AFM data presented in Figure 2.2 where 
the results of solvent annealing a PS9k-b-P4VP9.2k BCP in various toluene/THF mixtures (50 
oC, 4 h).  In Figure 2.2 (A-K), there is a distinct change of morphology from micelle structures 
to well-defined microphase separated arrangements. For convenience, the solvent vapour 
annealing (SVA) conditions can be divided into three distinct regions: (I) SVA in pure toluene, 
(II) SVA in toluene rich mixture of toluene/THF and (III) SVA in a THF rich mixture.  
SVA in pure toluene (Figure (2.2A)): 
As postulated earlier, solvent annealing in toluene is ineffective in altering the morphology of 
the as-cast films from their micelle type structure because it is a poor solvent for the P4VP 
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block. The mean spacing for both as-cast and solvent annealed micelles remains unchanged as 
measured by AFM (~28 nm). The BCP forms a P4VP rich core and a PS corona because of the 
favourable interactions of the polymer for the PS block. Even extended annealing periods of 
24 h had no measurable effect on film morphology. It should be noted that whilst the 
morphology is largely unaltered, changes in the order of the micelle arrangement can be seen 
with significantly greater order seen after solvent annealing. Larger areas of a well-defined 
hexagonal arrangement can be seen compared to the image in Figure 2.1(A). This is evidenced 
by the changes in the FFT (Fast Fourier Transform) data.  
SVA in a toluene rich mixture of toluene/THF (Figure 2.2(B-F)): 
The addition of even small amounts of THF to the toluene, solvent annealing procedure had a 
noticeable effect on the morphology. A 90/10 (v/v) mixture did not alter the morphology but 
changes in spacing and apparent feature size can be seen with increase in micellar size to around 
29 nm consistent with some swelling of the P4VP core by the addition of THF. Note, that 
although the swelling is not directly observed its effect is seen by inclusion of free volume 
caused by rapid solvent loss during removal from the chamber.  Further addition of THF (80/20, 
v/v), Figure 2.2(C) begins to transform the micelle structure into a structure suggestive of a 
microphase separated arrangement with a change in height variation across the substrate 
decreasing from 5-6 nm for micelle structures to 2-3 nm for the phase separated like patterns. 
The image seen in Figure 2.2(C) is more complex than might be imagined since both lines and 
cylinder or sphere arrangements can be seen. It seems unlikely that enough solvent swelling is 
seen to result in a gross composition change to form either cylinder of spherical microphase 
separated structures. In AFM, the lighter regions of the image are due to the P4VP block and 
it would appear that this initial structure represents a transition between a micelle arrangement 
and a microphase separated structure and might be a type of perforated lamellar structure with 
PS lamellae changing orientation so as to emerge from the surface.51-53 At compositions of 
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70/30 and 60/40 v/v (Figure 2.2(D) and 2.2(E)), the structure becomes more regular with 
regions of a lamellar-like pattern emerging together with remnants of the hexagonal 
spherical/cylinder arrangement. At a 50/50 (v/v) ratio of toluene/THF (Figure 2.2(F)), the 
lamellar phase extends across the entire substrate and any ‘dot’ like structures can be described 
as defects within the gross morphology. It is also worth stressing that in these studies we saw 
no evidence of a microphase separated lamellar structure oriented parallel to the surface plane. 
This suggests that the use of the THF as a co-solvent in the anneal process provides a ‘neutral’ 
interface that promotes vertical orientation of the lamellae.  
SVA in THF rich mixture (Figure 2.2(G-K)) 
Between 50% and 100% v/v THF the lamellar arrangement is maintained. The only noticeable 
visual change is an increase of the persistence length of the aligned domains and an increase in 
‘grain size’. At 90% and 100% THF, the persistence length exceeds 100 nm. The reason for 
the well-ordered nature of the system clearly relates to the neutrality of the THF solvent which 
lowers the interactions between the PS and P4VP by effectively separating blocks and 
increasing chain mobility, allowing defect annihilation.25 This would contrast a more block 
selective system since this would primarily result in selective block swelling whilst maintaining 
block-to-block interfaces.  The domain-to-domain spacing was estimated at 25 nm. This is 
significantly lower than for spacings observed with toluene rich SVA and this is consistent 
with reduced THF swelling of the PS component compared to toluene as suggested by the data 
in Table 2.2. It, thus, appears that THF is an ‘ideal’ annealing solvent for this PS-b-P4VP 
system.  
It should also be noted that both the kinetics of phase separation and the equilibrium structure 
are modified by solvents because of the effective vapour pressures during solvent annealing. It 
is important to note that at 50 oC these two solvents have quite different saturated vapour 
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pressures with measured values of 93.7 mm Hg and 435 mm Hg for toluene and THF, 
respectively. Since this is an ideal solution, Raoult’s law54 is obeyed and can be used to sketch 
the expected vapour pressure through the composition range (Figure 2.3(A)) and the amount 
of THF in the vapour phase (Figure 2.3(B)).  As can be seen, increased THF content results in 
increased vapour pressure of THF compared to toluene.  One manifestation of this is seen in 
increasing thickness of the films as measured by ellipsometery. As cast films and toluene 
annealed films have a measured thickness of 26 nm but as the THF content increases, the film 
thickness increases to 30 nm. It is suggested this is because of increased swelling during solvent 
annealing followed by rapid de-swelling of the films on exposure to atmosphere.  This results 
in increased (trapped) free volume as the film becomes kinetically ‘frozen’ and a higher film 
thickness compared to less swollen films.   
The data in Figure 2.3 also helps to explain the variation in morphology observed across the 
whole concentration range because even at low THF liquid content, the vapour is highly 
enriched in THF. This explains the dramatic change in morphology at low THF content and 
the consistency (little change with toluene content) of the morphological data at higher THF 
content (Figure 2.2). 
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Figure 2.3. (A) The vapour pressures of a solution of the two liquids, toluene and THF at 50 
oC, is the sum of the two individual vapour pressures, calculated by Raoult’s law. (B) Vapour-
Liquid equilibrium diagram of toluene and THF mixture.  
Similar dependence on composition was seen for the larger molecular weight PS20k-b-P4VP17k 
system but is not reported here for brevity.   
2.4.3. Solvent vapour annealing with time 
It is also important to explore the kinetics of the SVA process. Similar results were seen for 
both BCPs and data shown in Figure 2.4 of the PS20k-b-P4VP17k are indicative of the 
microphase separation of both systems. Figure 2.4 describes the effects of SVA time of thin 
films spin-coated from 0.5 wt% solutions of PS20k-b-P4VP17k from toluene/THF (80/20) and 
solvent annealed in THF. As-cast film thickness was 28 nm measured by ellipsometery and 
had the expected dried micellar structure (Figure 2.4(A)). After a SVA period of 30 min (Figure 
2.4(B)), it is clear that the swelling of the films leads to merging of the P4VP cores and the 
formation of elongated micelle structures. Note that the size of the spherical micelles in Figure 
2.4(A) is 35 nm by AFM and where visible in Figure 2.4(B) are generally about half the 
diameter of similar structures seen after extended solvent annealing and the elongated micelles 
seen in Figure 2.4(B) Note, however that a few more swollen spherical structures can also be 
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seen. The data suggest that at the lower SVA times that the film is not completely swollen by 
the THF and that Fig. 2.4B represents a rearrangement sponsored by the swelling.   Note that 
it is assumed the swollen morphology is maintained due to freezing-in of the structure during 
rapid solvent evaporation. 
 
Figure 2.4. AFM images of as-spun (A) PS20k-P4VP17k thin film casted from toluene/THF 
(80/20) and solvent annealed (B-F) PS20k-P4VP17k films at 50 
oC for different time in THF 
vapour: (B)30 min, (C) 1h, (D) 2h, (E) 3h and (F) 6h. The lamellar domain structures are 
perpendicular to a substrate. FFT patterns inset show the difference in the degree of order. 
After a solvent annealing time of 1 h (Figure 2.4(C)), the micelle type structure has now 
transitioned to a distinct lamellar microphase separated pattern across most of the substrate 
with only isolated regions of dot like structures. This phase transition is likely related to the 
degree of swelling. At low swelling, short SVA times; micelles survive (from spin-coating) 
because chain mobility is low. As the initial time increases, solvent swelling increases causing 
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chain mobility and attaining the equilibrium phase-separated structure. With further increase 
in solvent annealing time (Figures 2.4(D-F)), the film becomes flat with increasing order and 
lower defectivity as the annealing time is increased. The thickness of the solvent annealed film 
after 6 h is measured at 31 nm and is consistent with an increased free volume as seen above. 
The domain spacing is 35 nm as measured by AFM. Note that these films are significantly less 
well ordered than those formed by similar treatment of the lower molecular weight PS-b-P4VP 
(compare Figure 2.4(F)) and Figure 2.2(K). This is thought to be because of diffusion 
limitations of the longer chains.  
2.4.4. BCP reconstruction with ethanol 
PS-b-P4VP films are often subject to ethanol treatment to cause ‘reconstruction’.  This process 
is used to enhance the etching contrast between both PS and P4VP blocks as well providing a 
template for insertion of metal ions into the P4VP block.55 In light of the SVA studies here it 
was thought worthwhile to extend the work to ethanol. Ethanol is a non-acidic polar solvent 
which selectively swells the P4VP block (table 2.2). The pyridine groups present in P4VP are 
non-ionized and can interact with ethanol via hydrogen bonding. Due to the weak hydrogen 
bonding it is not expected that the P4VP block is chemically decomposed or removed from the 
BCP (since the covalent bond strength is high) but is more likely to swell and provide larger 
feature sizes than the lamella formed after solvent annealing. As shown in Fig. 2.5, a number 
of 3 h solvent annealed microphase separated PS9k-P4VP9.2k thin film are reconstructed by 
immersing them in anhydrous ethanol for different times (between 2 and 20 min) to study the 
swelling (and/or solubility) behaviour of the P4VP block.  When the PS9k-P4VP9.2k film is 
immersed in ethanol for 2 min (Fig 2.5-A) followed by drying under nitrogen gas, the P4VP 
domains become partially swollen and the centre-to-centre distance between lamella is 
increased from 25 to 26 nm, by AFM, compared to a PS9k-P4VP9.2k thin film which did not 
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receive an ethanol exposure.  During further reconstruction (in ethanol) for times between 5 
and 20 min (Fig 2.5(B-E)) the P4VP chains further swell to 30 nm.  It is also clear that at these 
extended exposures ethanol sufficiently swells P4VP domain and can lead to local areas of the 
pattern where the structure is damaged (black areas in the AFM images).  The damage appears 
to relate to some dissolution of chains and probably results from the swollen chains weakening 
the polymer-substrate attachment (delamination). As exposure increases and particularly at a 
longer swelling time (~20 min or more), due to high degree of swelling, the surface of the BCP 
layer became increasingly rough as significant material is delaminated.  
 
Figure 2.5. Topographic AFM images (1 µm x 1 µm) of reconstructed PS9k-P4VP9.2k thin films 
for different time in ethanol for (A) 2min, (B) 5min, (C) 7min, (D) 10min and (E) 20min 
respectively. FFT patterns (inset) show the difference in the degree of order. 
2.5 Conclusions 
In this work it was found that extended SVA of micellar PS-b-P4VP films in THF vapour 
results in well-defined microphase separated structures. This work contrasts dramatically with 
previous work by Kim et al.56 who have reported that when toluene cast PS-b-P4VP thin films 
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containing micelles are solvent annealed in THF there are morphological changes but micelle 
structures persist. Our observations are consistent with the THF being a good solvent for the 
BCP and somewhat neutral in its interactions with both blocks. The agreement of the phase 
behaviour and the THF Hansen solubility parameters with those of PS-b-P4VP is consistent 
with this mechanism. It must be stressed that PS-b-P4VP Hansen parameters are not well-
established and over analysis is possible. There is generally a paucity of high quality data on 
both solvent parameters and interaction parameters for these PS-b-P4VP systems (as well as 
other BCPs) despite the considerable research work in this area.  
One of the main differences in the work of Kim et al56 and here is the solvent annealing 
temperature (25 oC and 50 oC respectively) and differences may be explained by variation of 
these terms with temperature.  However we can conclude that THF solvent annealing can be 
used to generate well-defined arrangements of PS-b-P4VP lamellar structures and ordain long 
range order and vertical orientation of the lamellae to the surface plane. For these high-χ 
systems, it does appear that solvent annealing in neutral solvents is important in generating 
well-defined arrangements. The method is robust and reliable and offers a simple means to 
generate these structures with possibly important applications of device fabrication. Cylinder 
forming PS-b-P4VP has been shown to be applicable in this area 55, 57, 58 but lamellar systems 
have advantages compared to cylindrical structures.28 
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3 
Self-Assembly of High-chi PS-b-P4VP Block 
Copolymer for Formation of sub-7 nm Feature 
Size Structures by a Solvent Vapour Anneal 
Process. 
 
3.1. Abstract 
‘High χ’ block copolymers (BCPs), where χ is the Flory-Huggins interaction parameter, have 
attracted a great deal of interest. This is because they can microphase separate at very small 
domain size when low molecular weight BCPs are used.  Different molecular weight symmetric 
lamellae forming polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) BCPs were used to 
produce nanostructured thin films by spin-coating from mixtures of toluene and THF.  The as-
cast thin films form micellar structures which transformed into regularly arranged lamellar 
patterns under solvent annealing in solvents of varied selectivity. The choice of solvent used 
for annealing allows for control of the self-assembled pattern morphology. Here, we have 
followed the formation of microdomain structures with time at different temperatures by 
atomic force microscopy (AFM). Ultra-small feature size (~10 nm pitch size) nanopatterns 
were fabricated by using low molecular weight PS-b-P4VP (PS and P4VP blocks of 3.3 and 
3.1 kg mol-1 respectively).  
 3.2. Introduction 
To achieve extremely small feature size, high-resolution patterns below 16 nm on substrates of 
electronic materials is challenging. It is well understood that further improvements will be 
accompanied by increase in cost and throughput. It is expected that state-of-the-art 193 nm 
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immersion lithography will go beyond the 22 nm node but will struggle to achieve sub-12 nm 
structures.1  Alternatives such as electron-beam (EBL) and extreme ultraviolet (EUV) 
lithographies can deliver the required feature size,  but they still face significant technical 
problem of throughput and the cost, so it is difficult to predict their usefulness for next 
generation devices.2-5  Block copolymers (BCPs) are composed of two incompatible blocks 
and due to their capabilities to self-assemble into periodic structures of nanometre-sized 
domain arrangements including spheres, cylinder, gyroid, perforated lamellae and alternating 
lamellae by microphase separation, are thought to be excellent candidate for next generation 
lithography.6-14 The propensity of BCPs to self-assemble is determined by two factors: χN, 
(where χ is the Flory-Huggins interaction parameter15 and N is the number of monomers in the 
diblock copolymer (degree of polymerization)) and the volume fraction of each block (f). χN 
is a measure of the segregation strength and in case of a symmetric diblock copolymer (f = 0.5), 
it should be greater than 10.4 to self-assemble.16  An order-disorder transition will occur when 
χN falls below 10.4 as dictated by low χ  parameters, low molecular weight of the BCP or by 
higher temperature. In the strong segregation limit (χN >> 10), the domain period of the 
microphase separated can be described as d ~ N2/3χ1/6. The domain period of nanostructures can 
be decreased by reducing N whilst maintaining an appropriate χN over the critical value for 
phase-separation and by increasing the χ parameter.16   Over the years, a great deal of effort has 
been focused on decreasing the domain spacing of the BCPs, exerting control over the 
orientation on the phase separated domains and aligning structures to a preferred direction in 
the substrate plane. The symmetric diblock-copolymers self-assembles into a lamellar 
morphology, however, the pattern orientation can be challenging to control. It is generally 
thought that they preferentially orientate with the lamellae parallel to the substrate interface 
due to preferential wetting at both substrate and air interface of the block copolymer film.17 
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However, by balancing the wetting of the polymer blocks to the substrate, lamellae can be 
oriented perpendicular to the substrate. 
The most studied lamellar BCP system, symmetric poly (styrene-block-methyl methacrylate) 
(PS-b-PMMA) with relatively weak interaction parameter (χ = 0.04) restricts the pitch size to 
20 nm and, hence, use in next-generation lithographic applications is somewhat limited.18-20 
For this reason, different high χ BCP systems have been studied to demonstrate sub-10 nm 
features.  As can be seen above, by having high χ, the BCP can phase separate into small 
domain structures with smaller inter-domain diffusion regions and produce patterns with less 
defects. At room temperature, the χ parameter of PS-b-P4VP (χ~0.34)21 is considerably higher 
than those of PS-b-PDMS (χ~0.26),22 PS-b-PMMA (χ~0.04),23 PS-b-P2VP (χ~0.18)24 and PS-
b-PEO (χ~0.08).25 Ps-b-PDMS is very well studied - it is well reported that if one of the block 
contains inorganic moiety, it readily enhances the etching contrast between the blocks as well 
as increasing the χ value.26-39  It should also be noted that for many of these high χ BCPs, 
thermal annealing cannot provide chain mobility due to the significantly lower interdiffusivity 
of BCP chains.40 However, solvent vapour annealing can provide the chain mobility in polymer 
chains, significantly more important to control the orientation and microdomain nanostructure 
morphology.  
In this chapter, we report the self-assembly of a high χ block copolymer, poly (styrene-block-
4-vinylpyridine) (PS-b-P4VP), to form sub-7 nm half-pitch patterns on a silicon substrate. The 
PS-b-P4VP used in this study is a class of non-ionic, amphibilic block copolymers. The Flory-
Huggins interaction parameter for PS-b-P4VP falls in the wide range of 0.4-7.5 as compared 
to 0.1 for PS-b-P2VP, reported by Clarke et.al.41 thus the microphase separation of PS-b-P4VP 
of lower molecular weight systems is possible and so smaller domain spacing structures can be 
formed.  It is also stressed that although the χ parameter is high, the surface tension of PS is 
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only a little smaller than the surface tension of P4VP (γPS = 40.7 mNm-1, γPVP = 45.1 mNm-
1) and although this can drive PS segregation to the free surface42, at normal temperatures, it is 
expected that wetting layers will not form the polymer/air interface and it should be possible 
to form perpendicularly oriented nanostructures without chemical modification of the substrate 
surface.43  
3.3. Experimental 
3.3.1. Materials and methods 
Diblock copolymers of poly(styrene-b-4-vinylpyridine) (PS-b-P4VP) of roughly symmetric 
block compositions were purchased from Polymer Source, Inc. (Montreal, Canada). The 
different molecular weight BCPs studied are summarized in Table 3.1. The polymers were used 
without further purification and modification. Reagent grade toluene, tetrahydrofuran (THF) 
and ethanol (dehydrated) were purchased from Sigma-Aldrich and used without further 
purification. The planar substrates used were polished, test grade 8” silicon <100> wafers (p-
type, B-doped, thickness 650 µm) with a native oxide layer of ~ 2 nm. The native oxide was 
not removed during the studies. The topographically patterned Si3N4 substrates with pitches in 
the range of 50–500 nm, variable mesa widths of 30–1500 nm and depth of 60 nm were 
fabricated via 193 nm UV-lithography and processed by means of conventional mask and etch 
techniques. 
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Table 3.1. List of PS-b-P4VP BCPs used 
 
*L= Lamellae forming 
3.3.2. Thin film preparation, solvent annealing and characterization 
All PS-b-P4VP polymer samples were dissolved in a mixture of toluene and THF (80/20, v/v) 
to yield a 0.5 wt% polymer solution. The solution was kept stirring overnight to ensure the 
complete solubility of the polymer. The Si substrate was cleaned by sonicating in toluene and 
THF for 15 min, respectively and dried under a stream of nitrogen. A UV/Ozone treatment was 
used as a final cleaning procedure. The water contact angle was measured on untreated and 
UV/Ozone treated silicon. The UV/Ozone treatment makes the silicon surface more 
hydrophilic (37o for bare silicon and 0o for UV/Ozone cleaned). The thin film samples were 
prepared by spin-coating at 3000 rpm for 30 s on freshly cleaned silicon wafers using a 
Speciality Coating Systems G3P-8 spin-coater. To study the structural evolution of PS-b-P4VP 
diblock thin films, solvent annealing was performed in glass jars (100 mL) containing 10 mL 
of annealing solvent at 50 oC for 30 min to 6 h. The solvent used for annealing were varied 
according to the molecular weight of the polymer. After the desired annealing time, the samples 
were removed from the glass jars and allowed to evaporate the trapped solvent at ambient 
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conditions. All thin films did not exhibit any major swelling during annealing and were 
transparent. All samples were analysed using atomic force microscopy (AFM, Park Systems 
XE-100) and topographic images were collected in non-contact tapping mode under ambient 
conditions using silicon microcantilever probe tips with a force constant of 42 Nm-1 and 
resonance frequency ~285 KHz. The scan rate was 1.0 Hz and scan line were 256 pixels.  
Topographic and phase images were recorded simultaneously. PS-b-P4VP BCP film 
thicknesses were measured with a spectroscopic ellipsometer (J.A. Woollam) at a fixed angle 
of incidence of 70°, on at least three different places on the sample and values were averaged 
as the film thickness.  
3.4. Results and Discussion 
To alleviate the difficulties associated with thermal annealing to form phase separated 
morphologies, we have instead used solvent vapour annealing. It has been well reported that 
the type of solvents used for annealing plays an important role in the morphology of block 
copolymers thin films.44-48  In this chapter, we have limited our study to only two solvents, viz. 
THF and toluene.  Toluene and THF both are PS selective solvent, since χPS-solvent<0.5 and 
χP4VP-solvent >0.5. It must be noted that for a polymer to be soluble in a solvent at any temperature, 
χ must be below 0.5.49 Table 3.2 shows that toluene is a more selective solvent for PS than 
THF.  
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Table 3.2. The Selectivity of the solvents and interaction parameter (χ) 
 
(a) Solubility parameters value taken from Physical Properties of Polymers Handbook.50 (b) 
The selectivity values of the solvents were estimated with χ = χH + χS = {Vs (δs- δp)2/RT} + 
0.34; Vs denotes the molar volume and δ is the solubility parameter for solvent (s) and polymer 
(p). The solubility parameters for PS and P4VP are, 18.6 and 22.2 MPa1/2 respectively.  
According to the volume fraction of each component in all the PS-b-P4VP samples, these BCPs 
should form the lamellar structure. However, in some cases, the system can form P4VP 
cylinders in the PS matrix because of a volume fraction change caused by the higher degree of 
swelling of the PS matrix than the P4VP. The swelling of the polymer block is dependent on 
the solvent selectivity, which is described in detail later in this chapter. Different morphologies 
can arise, as shown in Scheme 3.1, by changing various parameter such as solvent(s), 
temperature, time of annealing etc.  We have investigated the microphase separation in all 
block copolymer system under toluene, THF and toluene/THF (50/50 v:v) mixtures. The large 
molecular weights PS-b-P4VP (PS21k-b-P4VP21k and PS9k-b-P4VP9.2k) were annealed in PS 
selective THF atmospheres, while PS7.4k-b-P4VP7.7k thin films were annealed in mixture of 
toluene and THF (50/50, v:v) and small molecular weight BCPs (PS5k-b-P4VP5k and PS3.3k-b-
P4VP3.1k) were annealed in toluene.  
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Scheme 3.1 Schematic of time development of the microdomain formation on thin symmetric 
PS-b-P4VP film. The gray and blue region represents PS and P4VP blocks. (A) is as-cast thin 
film, (B) is thin film after exposed to solvent vapours, (C-E) plausible microstructures after 
solvent annealing.  
3.4.1. Self-assembly of PS-b-P4VP by annealing in THF environment 
High molecular weights PS-b-P4VP (PS21k-b-P4VP21k and PS9k-b-P4VP9.2k) were dissolved in 
a mixture of toluene and THF (80/20, v:v). The 80/20 ratio was carefully chosen since THF 
has a preferential affinity for PS compared to P4VP, as shown in Table 3.2. Solvent annealing 
has a unique advantage over thermal annealing. The BCP domain morphology can be 
controlled through choice of solvent, as explained earlier in Chapter 2. Annealing in toluene (a 
weakly selective solvent for the PS) causes the block copolymer film to phase separate in 
hexagonal array of dots, while annealing in THF environment leads to microphase separation 
resulting in lamellar structures across the whole substrate surface as shown in Fig. 3.1. The 
morphological changes of the PS21k-b-P4VP21k system under a THF environment (b.p. 66 
oC) 
at various annealing temperatures (from 40 oC to 60 oC) and times (30 min to 7 h) were studied. 
As evident from the AFM images in Fig. 3.1, the microphase separation occurs at all 
temperatures studied for 30 min to 7 h. As-cast PS21k-b-P4VP21k thin films prepared in the 
normal way form micellar structures as explained earlier in Chapter 2. As discussed by 
O’Driscoll et.al,51 the choice of solvent is dictated by the solvent parameter.  
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Figure 3.1. AFM topographic images of solvent annealed PS21k-b-P4VP21k thin films 
exhibiting lamellar structures after annealing at 40 oC (A-2 to A-9), 50 oC (B-2 to B-9) and 60 
oC (C-2 to C-9) for 30 min to 7 h under THF atmosphere, respectively. The thickness of as-
cast and solvent annealed film has a thickness of 33 nm and 35 nm ± 2 nm, respectively.  
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After exposure to saturated THF vapour at 40 oC for 30 min, the film appear to be phase 
separated but a mixed morphology containing micelles and fingerprint patterns appears with a 
lamellar pitch size of 35 nm as observed by AFM. Shorter annealing times result in well-
defined microphase separation. On increasing the annealing time to 1 h, all the micellar 
structures are lost and a regular striped pattern is seen. Prolonged exposure to THF vapour from 
2 to 7 h (A-3 to A-9) increases the correlation length of the lamellae. No dewetting or phase 
transition were observed during the annealing. The film thickness was measured by 
ellipsometry and found to be around 35 nm for as-cast thin film, while solvent annealed film 
saw an increase of 2 nm. In all the solvent annealed thin films the equilibrium state phase 
structures were observed.  It is obvious here that there is a clear correlation between defect 
density/correlation length in lamellar BCP thin films and anneal time due to defect annihilation 
processes that allow high energy defects (disclinations/dislocations) to be removed while 
reducing the block-block interfacial area and so lowering the total energy of the system.52  
As shown in Fig. 3.1, films annealed in THF vapour at 50 oC follows the same trends with 
small correlation length fingerprint lamellar patterns for 30 min to 4 h (B-2 to B-6) but with 
increasing annealing time from 5 to 7 h (B-7 to B-9), well-ordered lamellar structures with 
increased correlation length are formed. The film thickness of the as-cast film and the annealed 
film were 35 nm and 38 nm, respectively. In further sets of experiments, the samples were 
annealed at an elevated temperature of 60 oC and data are shown in Fig. 3.1 (C-1 to C-9). The 
thin films annealed for small duration form fingerprint patterns (C-2 to C-5), but after the 
increase in annealing time (C-6 to C-9), a mixed morphology is observed. Further increases in 
annealing time produces no regular structures. With an increase in annealing temperature (60 
oC), a higher degree of swelling is observed and an annealed film thickness of 42 nm was 
observed (as-cast film thickness is 36 ± 1 nm). During annealing in THF vapour, the colour of 
the cast film changed from grey to yellow during annealing. When the film was removed from 
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the jar, the film colour quickly returned to grey as the THF vapour in the film evaporated. This 
indicates the swelling of film and increase in film thickness with THF.  
Table 3.3. Vapour Pressures of the Annealing Solvents at Different Temperatures 
 
Table 3.3 lists the vapour pressure of the annealing solvents at different temperatures. At 60 
oC, the vapour pressure of THF is increased by more than 60% compared to that at 50 oC and 
it is clear that the film swells to a much greater extent especially on prolonged annealing times. 
When the annealing time is increase to 4 h or more (C-6 to C-9), the mixed morphology 
becomes predominant, while increase in annealing time by more than 7 h, no phase separation 
in thin film is observed. The data suggest the extended swelling results in considerable trapped 
free volume and also moves the film into the disordered region. 
In previous reports, PS-b-P4VP thin films were solvent annealed to improve lateral ordering 
49,53,54 and change the orientation55 of the nanodomains. Here, we report that the micellar 
morphologies can be changed to lamellar nanodomains, in thin films by solvent annealing. As 
explained earlier, similar solvent annealing conditions were employed for another BCP system, 
PS9k-b-P4VP9.2k, as shown in Fig. 3.2. The spherical micellar structures (Fig. 3.2, A-1, B-1, C-
1) were present for as-cast thin films of thickness 28 nm. The solvent annealing was performed 
in PS selective (but relatively poor for P4VP) THF vapours. In Chapter 2, for PS9k-b-P4VP9.2k, 
the solvent annealing conditions were studied by varying solvent selectivity (in toluene rich, 
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THF rich and various compositions of toluene/THF mixtures). THF was considered as most 
suitable solvent for annealing to produce well-ordered structures.   
At 40 oC, as the annealing time under THF vapours was increased from 30 min to 7 h (Fig. 3.2, 
A-2 to A-9), microphase separation was observed all over the substrate with no sign of 
dewetting. The film thickness varied by 1-2 nm, and after 7 h the thickness of the film was 29 
nm ± 1 nm, with the centre-to-centre distance between two adjacent lamellae being 26 nm. On 
annealing at 50 oC, BCP thin films behave in the same manner (Fig. 3.2, B-2 to B-9) but the 
correlation length seems to be increased and a well-ordered structure can be seen after 5 h.  The 
domain spacing was unchanged from that recorded at 40 oC (26 nm).  The film thickness of 
PS9k-b-P4VP9.2k after 7 h solvent annealing in THF is measured as 30 nm ± 1 nm, which is 
higher than the measured value for 40 oC annealed film. The higher degree of swelling is due 
to the higher vapour pressure of THF at 50 oC and the increased film thickness is due to residual 
free volume. 
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Figure 3.2. AFM topographic images of solvent annealed PS9k-b-P4VP9.2k thin films exhibiting 
lamellar structures after annealing at 40 oC (A-2 to A-9), 50 oC (B-2 to B-9) and 60 oC (C-2 to 
C-9) for 30 min to 7 h under THF atmosphere, respectively. The thickness of as-cast and solvent 
annealed film has a thickness of 28 nm and 29 nm ± 2 nm, respectively.  
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Further increases in annealing temperature leads to higher degree of swelling and at 60 oC the 
film thickness of 7 h annealed film was further increased to 32 ± 1 nm. A regular trend of 
spherical micelles transforming into fingerprint structures were observed for as cast and 
annealed film of 2 h, as shown in Fig. 3.2 (C-1 and C-2 to C-4). Increasing the anneal time 
from 3 h to 7 h (Fig. 3.2, C-5 to C-9) shows degradation of patterns associated with further 
increase in swelling of the film. It is important to note that the vapour pressure of the solvent 
controls the thickness of the swollen film as well as the relative concentration of the polymer 
and solvent in thin film. After 4 h (C-6) a mixed morphology is observed, while after 5 h (C-
7) hexagonally packed (with few stripes) cylindrical P4VP microdomains oriented normal to 
the surface in the PS matrix are observed. Since THF selectively swells P4VP, the volume 
fraction of PS is expected to decrease and it is suggested that the increase in annealing time 
results in composition changes and the morphology shifted from lamellae to cylinders. After 6 
h and 7 h of annealing, we suggest the patterns consist of cylindrical microdomains oriented 
both normal and parallel to the surface as shown in Fig. 3.2 (C-8 and C-9). The change in 
orientation with film thickness and choice of solvent might be due to the result of changes in 
commensurability between film thickness and pitch size of the microdomains.  
3.4.2. Self-assembly of PS-b-P4VP by annealing in a mixed solvent environment. 
The solvent annealing technique was also studied for another low molecular weight system, 
PS7.4k-b-P4VP7.7k. As shown in Fig. 3.3, thin films prepared by spin-coating in the usual way 
produce 23 nm thin film and resulted in similar morphology trends. As explained in earlier 
section for the high molecular weight PS-b-P4VP system, a well-ordered structure results when 
annealed in THF, whereas toluene annealed thin films produce micellar structures.  
As for the other samples annealing in both toluene and THF vapour swell both PS and P4VP 
domains in thin film by few nm. But due to high degree of swelling by THF, dewetting was 
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observed after 2 h. When the thin films are annealed in toluene, no clear phase separation was 
observed and after 2 h the film was featureless. After 2 h of annealing in THF (A-2 to A-4) and 
toluene (B-2 to B-4), the film swells by 6 and 2 nm, respectively. When the mixture of 
toluene/THF (50/50, v:v) was used as annealing solvent relatively well-ordered but vertically 
orientated line features were observed in Fig. 3.3 (C-2 to C-8) with a domain spacing of 19 nm. 
The film thickness after 2 h (C-4) was measured at 26 nm due to the swelling by both the 
solvents. With increased annealing time, well-ordered structures were observed (C-5 to C-8).  
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Figure 3.3. AFM topographic images of solvent annealed PS7.4k-b-P4VP7.7k thin films after 
annealing at 50 oC  for 30 min to 6 h under THF (A-2 to A-4), toluene (B-2 to B-4) and a 
mixture of toluene/THF (50/50, v:v) (C-2 to C-8) atmosphere, respectively.  
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3.4.3. Fabrication of sub-7 nm features by solvent annealing. 
Thin films of PS5k-b-P4VP5k and PS3.3k-b-P4VP3.1k were used to fabricate sub-7 nm features 
by solvent annealing in toluene vapours at different temperatures 40 oC, 50 oC and 60 oC for 
different time intervals, as shown in Fig. 3.4 and Fig. 3.5, respectively.  Film thicknesses were 
measured for the PS5k-b-P4VP5k and PS3.3k-b-P4VP3.1k system after spin-coating and recorded 
as 18 nm and 14 nm, respectively.  It should be noted that although solution concentrations 
remain constant in this work, reduced film thickness with decreased molecular weight is seen 
because of decreased viscosity of the casting solution.  No features or micellization was 
observed. This is probably due to increased solubility at low molecular weight. The thin films 
were solvent annealed in toluene. At 40 oC, disordered structures can be seen as shown in Fig. 
3.4 after 1 h (A-1). Interestingly, a similar trend in the behaviour of the BCPs in terms of long 
range ordering was observed on increasing the annealing time for both smaller and higher 
molecular weight PS-b-P4VP BCP systems. The morphological transition from smaller stripes 
(i.e. low persistence lengths) to long, ordered lamellae structures with either increased anneal 
times or by increasing solvent vapour pressure was observed as shown in Fig. 3.4 (A-2 to A-
6). Lamellae of 15 nm ± 1 nm were seen to form and the thickness of as-cast and annealed film 
remained unchanged. It is clear that during annealing at 40 oC, the toluene vapour allows the 
evolution of the phase separated morphology. By increasing the annealing temperature, higher 
vapour pressure leads to well-defined film arrangements at 50 oC, with increase of ~ 2 nm film 
thickness. Well-ordered structures after annealing for longer periods are shown in Fig. 3.4 (B1- 
B6). Further increasing the temperature to 60 oC, as shown in Fig. 3.4 (C-1 to C-6), increases 
the film thickness by approximately 3-4 nm and film roughness can be seen with regions of the 
image showing both mixed morphology and single morphology but at different thicknesses. 
Lamellae are seen in both the lighter and darker regions of the AFM images. This suggests 
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“over-swelling” of the films leading to thickness variation. On annealing for 30 min, no well-
defined arrangements are observed.  
 
Figure 3.4. AFM topographic images of solvent annealed PS5k-b-P4VP5k thin films exhibiting 
lamellar structures after annealing at 40 oC (A-1 to A-6), 50 oC (B-1 to B-6) and 60 oC (C-1 to 
C-6) for 1 h to 6 h under a toluene atmosphere, respectively. 
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We extended this methodology to a molecular weight PS3.3k-b-P4VP3.1k system. Annealing at 
40 oC produces the similar structure as for PS5k-b-P4VP5k as shown in Fig. 3.5. Increasing the 
anneal temperature leads to well-ordered lamellae with a pitch (domain spacing) size of 10.5 
nm ± 0.5 nm. The P4VP feature size was 5.5 nm ± 0.5 nm as shown in Fig. 3.5 (B-2-to B-6). 
The thin film thickness of the as-cast film and annealed film at 40 oC remained unchanged and 
was measured as 14 nm ± 1 nm. At anneal temperatures of 50 oC (Fig. 3.5, B-1 to B-7), a 15 
nm ± 1 nm thin film was produced after annealing for 7 h. The degree of swelling was as 
observed for the PS5k-b-P4VP5k system. Annealing at 60 
oC produces no structure for 4 h 
annealing and significant dewetting of the films was observed after the same annealing time 
(Fig. 3.5, C-1 to C-4). 
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Figure 3.5. AFM topographic images of solvent annealed PS3.3k-b-P4VP3.1k thin films 
exhibiting lamellar structures after annealing at 40 oC (A-1 to A-7), 50 oC (B-1 to B-7) for 1 h 
to 6 h and 60 oC (C-1 to C-4) for 1 h to 4 h under toluene atmosphere, respectively. 
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3.4.4. Effect of film thickness on the morphology of BCP thin films 
Here we have studied the effect of film thickness on the morphology of solvent annealed thin 
film at 50 oC under toluene/THF environment for 6 h.  Film thickness can have profound effects 
on e.g. domain orientation and, further, there is a possibility of residual solvent being trapped 
in thin film which will also be dependent on film thickness.  Thin films of different thickness 
were prepared to form 55 nm to 17 nm thin films, as shown in Fig. 3.6, by spin coating at 1000 
to 5000 rpm for 30 s.  Note that the film thickness can be controlled by either the spin speed, 
the volatility of the solvent or the concentration of the block copolymer solution.57 However, 
we wanted to use constant coating solutions and so different spin-speed was used. The surface 
roughness of thin films can be influenced by spin-speed but this was only a minor effect here. 
As shown in Fig. 3.6 (A-1), a film with thickness of 55 nm was prepared by spin coating the 
0.5 wt % polymer solution at 1000 rpm. After solvent annealing in a mixture of toluene and 
THF (50/50, v:v) hexagonally ordered dot structures are formed with centre-to-centre distance 
between two adjacent dots of 23 nm. This is contrary to the expected lamellar structure. It is 
suggested that, the formation of hexagonally ordered dots are due to a volume of toluene 
trapped in the films after-coating. With increasing spin speed thinner films are produced and 
the volume of trapped toluene vapours decreases (since evaporation is more efficient) and this 
leads to formation of lamellar structures after annealing, as shown in Fig. 3.6 (A-2 to A-7). 
When the thin films were prepared at spin speed at 3000 rpm (A-5) and 4000 rpm (A-6), a well 
ordered lamella structure with a pitch size of 22 nm were formed and the film thickness 
calculated was measured at 25 nm and 21 nm. Note that a high variation in film contrast was 
observed when the film was prepared at 4000 rpm also suggest this is because of a high degree 
of swelling in the film and high roughness. At 5000 rpm, as shown in Fig. 3.6 (A-7), a very 
thin film of 17 nm thickness was formed with good indication of lamellar structure after solvent 
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annealing; however, the film is also rougher than might be expected due to the high degree of 
swelling.  
 
Figure 3.6. AFM topographic images of solvent annealed PS7.4k-b-P4VP7.7k thin films after 
annealing at 50 oC for 6 h under toluene/THF (50/50, v:v), spin coated at: (A-1) 1000 rpm, (A-
2) 1500 rpm, (A-3) 1800 rpm, (A-4) 2400 rpm, (A-5) 3000 rpm, (A-6) 4000 rpm and (A-7) 
5000 rpm. 
An alternative explanation for these data might be given. It is well reported that for a symmetric 
BCP system, if the film thickness t is thicker than its equilibrium period L0 and t ≠ (n + 1/2)L0 
(n is an integer), island or holes of height L0 form at the free surface. However, the frustrated 
morphology is formed when the film thickness is below L0, by the competition of several 
forces, including slow kinetics, strong surface interactions and the bulk driving force toward a 
morphology with the natural period L0.
44 One might argue that a similar behaviour was 
observed here as shown in Fig. 3.6. It could be argued that only the higher speeds have 
thickness consistent with integer values of the L0 Value.  
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3.4.5. Graphoepitaxy 
 
Figure 3.7. AFM topographic images of PS3.3k-b-P4VP3.1k thin films formed on patterned Si3N4 
substrates. Data shown are with Si3N4 mesa and channel widths of (A) 30 nm and 50 nm, (B) 
150 nm and 240 nm. 
The true potential of BCP self-assembled patterns can be realized only if long-range periodic 
and translational alignment can be achieved.58 Here, we have demonstrated a graphoepitaxial 
approach for the PS3.3k-b-P4VP3.1k films using topographic features and solvent annealing. A 
similar annealing method as detailed above was used to generate patterns in the trenched 
substrates. The substrate were cleaned thoroughly by sonicating and washing with toluene 
followed by UV/Ozone treatment. The same solution and spin speed that formed 14 nm ± 1 nm 
thick films on flat substrates were used here. We observe registration of perpendicularly 
oriented P4VP lamellae upon annealing in toluene vapours at 50 oC, as shown in Fig. 3.7. Two 
different width trenches of small 50 nm and large 240 nm were studied to demonstrate the 
alignment of lamellae. We have achieved defect-free domain alignment of perpendicular 
lamellae with 10.5 nm ± 1 nm pitch across trenches.  
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Figure 3.8. Pitch size versus the χN values of all PS-b-P4VP used in this study. 7.6 nm is an 
estimated value calculated by drawing an arbitrary line.  
3.5. Conclusions  
As shown here, ultra-small sub-7 nm features can be generated using this high χ PS3.3k-b-
P4VP3.1k BCP system. But a significant question is how small can we go using this approach 
for this polymer system? This question can be answered by taking into account the Flory-
Huggins parameter (χ) and changing the degree of polymerization (N) and as shown in Fig. 3.8, 
where we plot a graph of χN versus the final pitch size of lamellae observed in all the BCPs 
studied. All the BCPs studied are in either the intermediate segregation regime (ISR, 
12.5<χN<100) or the strong segregation limit (SSL, χN>100).  As shown in Fig. 3.8, the dotted 
line can be used to predict the minimum pitch size possible for the lamellar forming PS-b-
P4VP BCP system.  Since χN should be more than 10.5 to form a lamellar microdomain 
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structure7 it is clear that a pitch size of 7.8 nm is possible for this BCP.  It should also be pointed 
out that further scaling can be achieved and recently, Ghoshal et.al52 have demonstrated a 
lithium chloride (LiCl) salt addition method to amplify the effective interaction parameter (χeff) 
of the polystyrene-block-polyethlyene oxide (PS-b-PEO) BCP system to fabricate a vertical 
lamellae arrangement of sub-16 nm pitch size.   
We have demonstrated the fabrication of highly ordered arrays with sub-7-nm features on both 
planar and topographically patterned substrates that allow the directed self-assembly of low-
molecular weight PS-b-P4VP. The microdomain morphology from the self-assembly of 
lamellar forming, different molecular weights, high χ PS-b-P4VP block copolymers was 
systematically studied following spin-coating and a solvent annealing in toluene and THF. 
Because of the high interaction parameter (χ) this system gives well-ordered structures at 
smaller molecular weight BCPs. This BCP system is shown to be very relevant for lithographic 
applications, since the microdomain orientation could be controlled by choice of solvent, film 
thickness etc., and microphase separation was obtained by simple solvent annealing technique. 
As-cast films, when solvent annealed for even short periods had enough mobility to change the 
morphology from P4VP micelles to the equilibrium morphology of P4VP lamellae. It was also 
observed that the orientation and resistance length of lamellae is not uniform and increases in 
annealing time were needed to allow the mobility of chain to increase so as to form well-
ordered structures. The phase behaviours of PS-b-P4VP are strongly dependent on the use of 
solvents and variations in the phase diagram of the PS-b-P4VP could be observed. This is due 
to the high difference in solubility parameter between PS and P4VP (δPS-δP4VP = 3.6 MPa1/2). 
The thin films solvent annealed at lower temperatures (40 oC) exhibits a mixed pattern of 
parallel stripes and perpendicular cylinder to the substrate, while increase in temperature (50 
oC) produces well-ordered lamellae. The results obtained in this chapter suggest that the PS-b-
P4VP is an excellent candidate for next-generation lithography.  
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4 
Fabrication of Inorganic Nanostructured Etch 
Mask by Self-Assembly of Polystyrene-block-
Poly(4-vinylpyridine) 
 
4.1. Abstract 
The self-assembly of block copolymers (BCPs) has the potential to produce nanoscale 
structures that can be integrated into current silicon based technologies. In order to be useful 
for the lithographic applications, one of the blocks of the BCP should be removed to transfer 
the remaining ‘on-chip etch mask’ pattern into underlying substrate. Here, we use high a chi 
(χ) polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) BCP that can phase separate to form 
sub-7 nm feature size patterns. However, due to the low etch contrast between the blocks, direct 
pattern transfer of BCP mask is not practical. To overcome the etch contrast problem, a novel 
and simple in-situ hard mask technology is used to fabricate high aspect ratio silicon nanowires 
on silicon (Si) substrates. Different molecular weight PS-b-P4VP BCPs were used to produce 
lamellae of various feature size by a solvent annealing technique. The lamellar structures were 
then used to fabricate iron oxide nanowires which facilitated a pattern transfer process to 
generate silicon nanowires.  
4.2. Introduction 
Due to limitations for sub-30 nm patterning by conventional 193 nm photolithography1 (which 
has been used in the semiconductor industry for 20 years), further scaling is becoming 
prohibitively expensive. As an alternative, block copolymer (BCP) lithography has emerged as 
a promising high throughput, low-cost alternative, since it can be used to self-assemble 
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nanostructures at the scale of 5-100 nm.2,3 BCPs are extremely versatile platforms with which 
different morphologies including lamellae, hexagonally close-packed cylinders, spheres, and 
gyroid networks (depending on the volume fractions of the constituent blocks) that can be self-
assembled in the bulk or thin films due to the incompatibility between the blocks.4, 5, 6 The 
microphase separation of diblock copolymers is thermodynamically driven by the segregation 
strength χN, the product of the Flory-Huggins interaction parameter χ and the degree of 
polymerization N. With BCP lithography, long-range ordering of features and etch selectivity 
between blocks are very important.  
Lamellar forming BCPs in thin film form with domain orientations perpendicular to the 
substrate surface generally adopt characteristic “fingerprint” morphology. These lamellar 
patterns are favoured over other morphologies due to the ease of pattern transfer but these 
systems are practically challenging due to the interfacial energies of the substrate surface and 
the air interface which can lead to horizontal orientations and preferential segregation.7, 8 To 
compete with other lithographic technologies, one of the blocks must be removed so that 
pattern transfer can be performed with high fidelity. Usually, a dry etching method is preferred 
over wet etching to remove the polymer block, since it avoids capillary induced pattern collapse 
of small feature polymer blocks.9  Progress has been made in synthesizing systems that contain 
elements like silicon (Si) or iron (Fe) in one of the blocks to achieve high etching selectivity, 
enabling the formation of high aspect ratio features by pattern transfer.10-13 In recent years, 
sequential infiltration synthesis (SIS) by atomic layer deposition (ALD) has shown to enhance 
etch contrast between the blocks of BCPs by effectively forming a ‘hard mask’ for pattern 
transfer.14-16  A similar approach has been reported by solvent inclusion of metal ions into the 
BCP structure to enhance the etch contrast for Si nanofeature fabrication.17-24 
BCPs with high χ parameter are useful for next-generation lithography since they can 
microphase separate at low BCP molecular weights and so enable small feature size. The use 
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of high χ polymers can also enable reduced line edge roughness.25 Different high χ systems 
such as poly(cyclohexylethylene)-block-polymethymethacrylate (PCHE-b-PMMA),26 
poly(styrene-block-4-trimethylsilylstyrene) (PS-b-PTMSS),27 poly (styrene-block-
methyltrimethylsilylmethacrylate) (PS-b-PTMSM),27 poly(4-trimethylsilylstyrene-block-d,l-
lactide) (PTMSS-PLA),28 poly(dimethylsilacyclobutane)-block-poly(methylmethacrylate) 
(PDMSB-b-PMMA)29 etc. have been synthesized to generate ultra-small feature sizes and can 
also be used to enhance the etching contrast between the blocks. One of the most used high χ 
BCP systems, polystyrene-block-polydimethylsiloxane (PS-b-PDMS, χ = 0.26)30 has a Si 
backbone that enhances etch contrast and facile pattern transfer when used as an on-chip etch 
mask.31, 32 Moreover, to achieve the industry required line edge roughness (LER) it is thought 
that these large χ systems have importance as mentioned earlier.33  However, as χ increases, 
the interdiffusivity of BCPs decreases resulting in slower kinetics during self-assembly.34 
Hence, the drawback of these high χ systems, thermal annealing is often not sufficient to obtain 
well-ordered structures.35, 36  
In this work, the self-assembly of different molecular weight, high χ lamellar polystyrene-
block-poly(4-vinylpyridine) (PS-b-P4VP, χ = 0.34) was carried out using a solvent annealing 
technique, as described in detail in earlier chapters. The lamellar pattern formed on the Si 
substrate can be used to template inorganic nanostructures. The microphase separated 
nanostrucutres were used to form iron oxide nanowires across a substrate surface by selective 
filling of one of the block, in this case P4VP. These iron oxide nanowires can be used as hard 
masks to transfer to the substrate to form silicon nanowires. By using small molecular weight 
PS-b-P4VP, sub-7 nm features of iron oxide nanowires can be fabricated.  
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4.3. Experimental details 
4.3.1 Materials and methods 
Different molecular weight, high χ lamellar PS-b-P4VPs were purchased from Polymer Source, 
Inc. (Montreal, Canada) as shown in Table 4.1. All the polymers were used as received without 
any purification and modification. All the PS-b-P4VP BCPs were dissolved in toluene and 
tetrahydrofuran (THF) (volume fractions of 80:20) to form a solution with a concentration of 
0.5% w/v. The solutions were left stirring overnight to ensure complete dissolution of polymer. 
Planar substrates, highly polished single-crystal silicon <100> wafers (p-type) with a native 
oxide layer of ~2 nm, were used. The substrates were cleaned by sonicating for 10 min in 
toluene and then 10 min in THF. Following the sonication, the substrates were further rinsed 
with THF, blown dry under a nitrogen stream and a UV/Ozone treatment was used to make the 
silicon surface more hydrophilic. The substrates were then placed onto holders and BCP thin 
films were prepared by spin-coating the polymer solution at 3000 rpm for 30 s. The PS-b-P4VP 
thin films were solvent-annealed in toluene, THF and a mixture of toluene/THF (volume 
fraction of 1:1) depending on the molecular weight of the BCPs, as explained in Chapter 3. All 
the samples used in this chapter were annealed at 50 oC for 6 h to achieve a good microphase 
separation. The lamellae of different pitch sizes were formed depending upon the molecular 
weight of BCP. Fe2(NO3)3.9H2O (iron(III) nitrate nonahydrate), THF (inhibitor-free, 
CHROMASOLV Plus, for HPLC, ≥99.9%), toluene (HROMASOLV Plus, for HPLC, 99.9%), 
ethanol (dehydrated) were purchased from Sigma-Aldrich and used without purification unless 
otherwise stated. 
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Table 4.1 Molecular characteristics of block copolymers used 
Polymer Total M
n
 
(x 10
3
 g/mol) 
M
w
/M
n
 P4VP fraction BCP morphology (*) 
 PS
20k
-b-P4VP
17k
 37.0 1.08 0.46  L 
 PS
9k
-b-P4VP
9.2k
 18.2 1.09 0.51  L 
PS
7.4k
-b-P4VP
7.7k
 15.1 1.08 0.51  L 
 PS
5k
-b-P4VP
5k
  10 1.1 0.5  L 
PS
3.3k
-b-P4VP
3.1k
 6.4 1.2 0.48  L 
*L = Lamellae forming  
P4VP dry etch removal was performed with an Oxford plasmatech 100 system in RIE mode 
using O2 and CF4 gases at 100 W for 30 s, the chamber pressure was 15 mTorr and the flow 
rate of CF4 was 30 sccm. An STS, Advanced Oxide Etch (AOE) ICP etcher was used to pattern 
transfer the iron oxide nanowires into the Si substrate using SF6 and C4F8 mixture in ICP mode 
at a pressure of 15 mTorr at 10 oC. The C4F8 and SF6 flow rate was 90 sccm and 30 sccm, 
respectively. 
4.3.2 Iron oxide nanowire pattern fabrication 
Fe2(NO3)3.9H2O (iron(III) nitrate nonahydrate) solutions of 0.3 to 0.5 wt% were prepared in 
anhydrous ethanol stirred for 20 min. The solution was spin-coated for 30 s at 3000 rpm onto 
the BCP patterned substrate. Samples were UV/Ozone treated for 3 h in a UV/Ozone system 
(PSD Pro Series Digital UV Ozone System, Novascan Technologies, Inc., USA).  
4.3.3 Characterization 
Atomic Force Microscopy (AFM) (Park systems, XE-100) in tapping mode under ambient 
conditions using silicon microcantilever probe tips with a force constant of 42 Nm-1 was used 
to record the topographic and phase images of BCP thin films. Scanning electron microscopy 
(SEM, FEI Helios Nanolab 600i and Raith eLINE Plus) was used to study the surface 
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morphology of iron oxide nanowires. A Zeiss Orion Plus (Peabody, MA) Helium Ion 
Microscope (HIM) employing on SE2 detector was used for imaging the block copolymer thin 
films. Cross-section SEM images were recorded by cleaving the substrate and edges were 
positioned perpendicular to the incident beam of electrons. X-ray Photoelectron Spectroscopy 
(XPS) was performed on a Vacuum Science Workshop CLASS100 high performance 
hemispherical analyser using Al Kα X-ray at 200 W power. Spectra were obtained at a take-
off angle of 90o.  
4.4 Results and Discussion 
4.4.1 Self-assembly of BCP by solvent annealing 
All PS-b-P4VP block copolymers in this work can be self-assembled into lamellar structures 
in the presence of solvent vapours. Large molecular weight (PS20k-b-P4VP17k and PS9k-b-
P4VP9.2k) BCPs were solvent annealed in THF vapour and formed microphase separated P4VP 
lamellar microdomains oriented perpendicular to the substrate, as shown in Fig. 4.1 (A) and 
(B). Lamellae of PS7.4k-b-P4VP7.7k BCP were formed after solvent annealing in a mixture of 
toluene and THF (50:50, v:v) while small molecular weight (PS5k-b-P4VP5k and PS3.3k-b-
P4VP3.1k) BCPs were solvent annealed in toluene as shown in Fig. 4.1 (C-E). 
The annealing solvents were carefully chosen and the detailed solvent annealing studies were 
fully discussed in chapters 2 and 3. The solubility parameters for the solvents (δtoluene = 18.2 
MPa1/2, δTHF = 19.4 MPa1/2) and for polymers (δPS = 18.6 MPa1/2, δP4VP = 22.2 MPa1/2) are 
reported elsewhere.37, 38 These data show that, THF is neutral solvent for the PS block and 
P4VP block. For large molecular weight PS-b-P4VP, THF is a good solvent since it has a 
preferential affinity to PS block and, hence, it provides sufficient mobility to the block 
copolymer chains and allowed to self-assemble the blocks into the ordered structures. As-cast 
film thickness of PS20k-b-P4VP17k and PS9k-b-P4VP9.2k were 35 nm and 28 nm, respectively. 
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The thickness of BCP thin film formed after solvent annealing showed an increase of 2-3 nm 
compared to the as-cast film suggesting some trapped free volume. The centre-to-centre 
distances between two adjacent lamellae are 37 nm and 26 nm for PS20k-b-P4VP17k and PS9k-
b-P4VP9.2k systems, respectively. 
 
Figure 4.1. AFM topographic images of different molecular weight PS-b-P4VP BCPs after 
solvent annealing. The lamellae perpendicular to the substrates were observed in all the BCP 
systems: (A) PS20k-b-P4VP17k, (B) PS9k-b-P4VP9.2k, (C) PS7.4k-b-P4VP7.7k, (D) PS5k-b-P4VP5k, 
and (E) PS3.3k-b-P4VP3.1k. 
With the decrease in molecular weight of BCPs and thickness of thin film the preference for 
the annealing solvent changes. In the case of PS7.4k-b-P4VP7.7k, the thickness of as-cast film is 
23 nm, after solvent annealing in the mixture of toluene/THF (50:50, v:v) at 50 oC for 6 h, the 
thickness was increased by 1 nm. The vapour pressure of toluene (92 mmHg) is much lower 
than of THF (420 mmHg) at 50 oC. It can, therefore, be concluded that the increase in thickness 
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on solvent annealing is due to the presence of THF which causes increased film swelling. The 
lamellar domain spacing is 19 nm, as shown in Fig. 4.1 (C).  
As shown in Fig. 4.1 (D-E), the smaller molecular weight PS-b-P4VP (PS5k-b-P4VP5k and 
PS3.3k-b-P4VP3.1k) BCPs were annealed in toluene vapours at 50 
oC for 6 h. If THF was used, 
the high vapour pressure of THF led to dewetting the films in a few minutes. The difference in 
film thickness of as-cast and annealed film for these samples was negligible. The film thickness 
of as-cast PS5k-b-P4VP5k and PS3.3k-b-P4VP3.1k is measured at 18 and 14 nm and the domain 
spacings were 15 nm and 10.5 nm, respectively.  
4.4.2 BCP imaging by Helium Ion Microscopy  
 
Figure 4.2. (A) Chemical structure of PS-b-P4VP. (B) and (C) are HIM images of unetched 
PS9k-b-P4VP9.2k and PS5k-b-P4VP5k.  
Due to the very similar chemical composition of both PS and P4VP (Fig. 4.2-A), this BCP 
exhibits very low etch contrast. For the same reason, SEM imaging provided only featureless 
data due to the limited contrast issues between blocks. Scanning Helium Ion Microscopy (HIM) 
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may prove to be an important imaging technique to image these types of BCPs because of its 
ability to discriminate similar molecules.39 As shown in Fig. 4.2 (B-C), the HIM is used to 
study the nanopatterns formed by PS9k-b-P4VP9.2k and PS5k-b-P4VP5k BCP thin films. The 
lamellar pattern with 25 nm and 15 nm pitch are observed for both the BCP systems. These 
data demonstrate that HIM can discriminate between the blocks without any further processing.  
4.4.3 Etching of PS-b-P4VP 
The phase separated block copolymer pattern formed during the annealing process is not 
immediately useful as a lithographic mask. In order to fulfil the templating and pattern transfer 
potential, the BCP films require either wet or dry etching.7, 40-43 Park et al. first demonstrated 
the use of BCP films as etch masks to transfer the patterns to an underlying semiconductor 
substrate.44 As shown in Fig. 4.3, the PS9k-b-P4VP9.2k lamellae formed after solvent annealing 
were dry etched by using O2 and CF4 gases at 100 W for 30 s. In this image the contrast is very 
low suggesting only small amount of the polymers are present.  
 
Figure 4.3. SEM image of PS9k-b-P4VP9.2k film post 30 s RIE with flow rate of 30 sccm CF4 / 
5 sccm O2 at 15 mTorr. 
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It should be noted that in order to optimize etching procedure, the etch selectivity of the blocks 
were studied by comparing the etch rates of homopolymer films in a similar approach to 
methods outlined elsewhere.7 The difference in the etching rates of both the blocks is very 
small. For this BCP system, the selective removal of one of the block was not successful which 
further hinders the pattern transfer into the silicon substrates.  
4.4.4. Iron oxide nanowires fabrication by a solvent inclusion technique 
The BCP systems containing an inorganic block have been reviewed recently showing potential 
for lithographic applications.45 Since both PS and P4VP blocks are organic and have very low 
etch contrast, it is necessary to increase the etching contrast between the blocks. One way this 
can be achieved is that one of the lamellae can be functionalized by using electronically, 
optically, or magnetically active species to make them applicable in semiconductor industry or 
in photonic devices. Iron oxide nanowires are formed by simple inclusion of iron ions by spin 
coating iron nitrate solution from ethanol into the P4VP block. Ethanol selectively swells the 
P4VP block, since the PS block is insoluble in ethanol, decreasing the density of P4VP 
microdomains. The P4VP block has a Brönsted base character (proton acceptor) owing to the 
pyridine groups (pKb ~ 5),
46 as well as having the potential to act as a metal ligand to coordinate 
with metal complexes.47 Acidification leads formation of the swollen, protonated P4VP 
structures allowing contact with the anionic metal complexes through electrostatic attraction. 
Following exposure to the UV/ozone, the block copolymer is removed to form the oxide 
nanowires. 
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Figure 4.4. Top-down SEM images of iron oxide nanowires formed by using (A) PS20k-b-
P4VP17k, (B) PS9k-b-P4VP9.2k, (C) PS7.4k-b-P4VP7.7k, (D) PS5k-b-P4VP5k and (E) PS3.3k-b-
P4VP3.1k. All scale bars represent 200 nm.  
The general methodology is as explained by Ghoshal et al.20 Here, microphase separated PS-
b-PEO nanostructures are formed after solvent annealing are immersed in ethanol to produce 
the nanoporous structures. These nanoporous templates can be used to create ordered nanodots 
or nanowires arrays by the Ghoshal metal inclusion method.29-36, 47, 48 Here we use a similar 
method to increase the high etch contrast by introducing robust inorganic moiety as shown in 
Fig. 4.4.  It should be noted that the concentration of iron precursor solution used is critical. 
For larger molecular weight BCPs (PS20k-b-P4VP17k and PS9k-b-P4VP9.2k), 0.5 wt% solution 
of iron nitrate from ethanol was used. Larger concentrations result in overloading and it reduces 
the fidelity of the pattern transfer process. For other PS-b-P4VP systems (PS7.4k-b-P4VP7.7k, 
PS5k-b-P4VP5k and PS3.3k-b-P4VP3.1k), a 0.3 wt% precursor solution was used for the same 
reasons - i.e. avoiding overfill.    
In order to quantify the surface composition, XPS analysis was performed on the iron oxide 
nanowires samples, as shown in Fig. 4.5. A typical XPS survey spectrum of the sample 
confirms the presence of Si, C, O and Fe (Fig. 4.5-A). The Si, O and Fe features originate from 
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the Si substrate, the native oxide layer and iron oxide nanowires, respectively. The high 
intensity of C1s features is expected from adventitious contamination during sample 
preparation.  
 
Figure 4.5. (A) XPS survey spectra recorded from the iron oxide nanowires on Si substrate 
after UV/Ozone treatment. (B) and (C) are the high resolution Fe2p and C1s spectra of iron 
oxide nanowires on the Si substrate.  
Additional higher resolution spectrum of Fe2p and C1s signals were recorded for further 
investigation. As shown in Fig. 4.5-(B), the Fe2p core level spectrum consists of two sharp 
peaks at 711.8 eV and 725.4 eV associated with Fe2p3/2 and Fe2p1/2, respectively. The binding 
energies of these are consistent with the existence of Fe+3 ions only, implying the presence of 
the iron oxide as the Fe2O3 structure.
49, 50 The C1s spectrum, as shown in Fig. 4.5-(C), exhibits 
a major peaks at 285 eV and a minor peak at 289 eV. The peak at 285 eV is assigned to the 
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adventitious carbon, whereas the peak at 289 eV suggest the existence of a functional group 
(C=O), 51 due to the oxidation of carbon during UV/ozone treatment. 
We can conclude from these data that the metal ion inclusion into the BCP template is favoured 
by a combination of capillary forces and the affinity of P4VP with the ionic ethanol solution. 
Metal counter ions can interact with the pyridine group, which becomes pyridinium group after 
protonation, of the P4VP block. The protonated P4VP offers the possibility to make metal 
structures by reduction of coordinated metal counter ions.52, 53 After the UV/Ozone treatment, 
almost complete removal of organic polymers was possible since only residual oxidized carbon 
was visible and the overall process allows iron oxide nanowire formation to take place. The 
feature size of iron oxide nanowires can be varied by the molecular weight of the BCP but here, 
as shown in Fig. 4.4, the feature size was very effectively controlled by using different 
molecular weight PS-b-P4VP system. The use of small molecular weight PS3.3k-b-P4VP3.1k 
produces iron oxide nanowires with a feature size of 6 nm (Fig. 4.4-(E)).  
4.4.5. Pattern transfer of iron oxide nanowires into Si-substrate 
In order to create Si nanowire structures on the substrate surface, the iron oxide nanowires were 
used as a hard mask in the ICP etch process. Figure 4.6-(A) shows an SEM image of iron oxide 
nanowire formed by using the PS20k-b-P4VP17k BCP on a Si substrate. The iron oxide 
nanowires formed are continuous with feature size of 18 nm and the centre-to-centre nanowire 
spacing is 35 nm which was unchanged from that of the solvent annealed film. The Si etch was 
carried out by using C4F8-SF6.  
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Figure 4.6. (A) SEM image of iron oxide nanowires formed using PS20k-b-P4VP17k and (B) is 
SEM image of pattern transferred Si nanostructures, inset shows cross sectional SEM image. 
The top-down SEM image as shown in Fig. 4.6-B, is of Si nanowires formed after pattern 
transfer of the iron oxide nanowires using the ICP Si etch. The line-edge roughness (LER) of 
the Si nanowires can be observed due to the extended plasma etching of iron oxide nanowires. 
The inset of Fig. 4.6-B shows cross-section SEM of Si structures where the Si was etched for 
90 s.   
Pattern transfer of the iron oxide mask to create a high aspect ratio silicon structure is 
challenging. To obtain high fidelity nanoscale pattern transfer without e.g. an undercut, various 
parameters were studied. In this study, a one-step ICP pattern transfer recipe was preferred by 
using C4F8 and SF6 at a flow rate of 90 sccm and 30 sccm, respectively. No oxide etch recipe 
was employed to remove the native oxide layer. During ICP etching, the anisotropic 
distribution preferentially bombards and removes the passivant formed at the bottom of the 
silicon trench, which during etching of silicon produces high aspect ratio features with vertical 
sidewalls.  
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.      
Figure 4.7. Top-down SEM images of progressive Si etch after various etch periods 
(conditions C4F8 and SF6 at the flow rate of 90 sccm and 30 sccm, respectively at 10 Torr and 
10oC). (A-1 to A-5) are Si nanowires fabricated by using PS20k-b-P4VP17k at different etching 
times 10 s (A-1), 40 s (A-2), 90 s (A-3), 120 s (A-4) and 150 s (A-5). (B-1 to B-6) are Si 
nanowires fabricated by using PS9k-b-P4VP9.2k at different etching times 5 s (B-1), 10 s (B-2), 
15 s (B-3), 20 s (B-4), 30 s (B-5) and 60 s (B-6).  
A systematic study of the pattern transfer of iron oxide nanowires formed by using PS20k-b-
P4VP17k (A-1 to A-5) and PS9k-b-P4VP9.2k (B-1 to B-6) were studied as shown in Fig. 4.7. The 
iron oxide nanowires formed by using PS20k-b-P4VP17k BCP system with centre-to-centre 
distance of 35 nm were pattern transferred in C4F8 and SF6 gases for various times between 10-
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150 s. After 10 s (A-1) of ICP etching a small increase in the patterns was seen. As the etch 
time changed to 40 s (A-2) and 90 s (A-3), the image contrast is increased but no change in 
feature size was observed. With further increases in time the hard etch mask appears to be 
removed and produces degraded structures, as shown in Fig. 4.7 (A-4 and A-5).  
The same method is capable of being scaled for patterning smaller features by reducing the 
molecular weight of the block copolymer. The PS9k-b-P4VP9.2k BCP system produces iron 
oxide nanowires of pitch size of ~25 nm. The iron oxide nanowires were used as mask to pattern 
transfer into silicon. The Si nanowires were formed as shown in Fig. 4.7 (B-1 to B-6). By 
lowering the molecular weight of the block copolymer, the increase in areal density of the 
silicon nanowire patterns were observed. It is important to note that the smaller feature size 
iron oxide nanowires require less ICP etching time. The 5 s Si etch (B-1) produces a good 
contrast for small molecular weight system. However, by increasing the etching time the 
contrast is increased indicating deep etches. The samples were etched for 5-60 s to produce the 
Si nanowires. To compare the results of the Si nanowires formed by using both the block 
copolymer system, it was observed that the smaller features requires less etching time and the 
degradation of the structure observed in less than 60 s of etching (B-6).  
4.5 Conclusions 
In conclusion, we have demonstrated a simple route to fabricate a low cost and industrial 
compatible methodology to fabricate metal oxide nanowires which has significant potential in 
the semiconductor industry. The formation of the block copolymer pattern formation by solvent 
annealing was a very simple process and requires low temperature and low times. A metal 
oxide precursor solution was spin-coated on the lamellae of PS-b-P4VP followed by UV/Ozone 
treatment and results in both polymer removal and metal oxide nanowire formation on the 
silicon substrate. The metal oxide nanowires formed are mirrors of the parent block copolymer 
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structure. The iron oxide nanowire structure formed was confirmed by XPS studies. Metal 
oxide nanowires can be prepared for small molecular weight BCP systems and used to fabricate 
ultra-small sub-7 nm feature size. The metal oxide nanowires were then pattern transferred into 
silicon substrate to produce silicon nanowires.  
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5 
Fabrication of a Layered MoS2 Structure via the 
Self-Assembly of Block Copolymers. 
 
 
5.1. Abstract 
The semiconductor and optical industries have shown increasing interest in two dimensional 
molybdenum disulphide (MoS2) as a potential device material due to its low band gap and high 
electron mobility.  However, current methods for its synthesis are not ‘fab’ friendly and require 
harsh environments and processes. Here, we report a novel method to prepare MoS2 layered 
structures via self-assembly of a block copolymer system. The microphase separation of a 
polystyrene-block-poly (4-vinylpyridine) (PS-b-P4VP) block copolymer was carried out under 
tetrahydrofuran (THF) atmosphere at 50 ºC to generate line-space patterns. Non-stoichiometric 
molybdenum oxide thin films were then successfully prepared by a UV/Ozone treatment 
following spin coating of molybdenum (V) chloride on to the phase separated structure. The 
molybdenum oxide structures obtained were characterized by X-ray photoelectron 
spectroscopy (XPS) and the surface morphology examined by atomic force microscopy (AFM) 
and scanning electron microscopy (SEM). A layered MoS2 structure was then prepared by 
thermal evaporation of sulphur over the as-prepared MoO3 thin films. The formation of the 
layered MoS2 was confirmed by XPS, Raman spectroscopy and high resolution transmission 
electron microscopy (TEM). 
5.2 Introduction 
The transition-metal dichalcogenide semiconductor, molybdenum disulphide (MoS2), has 
recently emerged as a promising two-dimensional (2D) layered material and has attracted great 
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interest because of its distinctive electronic, optical, and catalytic properties, as well as its 
importance for dry lubrication.1-17 An indirect-gap semiconductor, the bulk MoS2 crystal, is 
built-up of van der Waals bonded S-Mo-S units and has a band gap of 1.29 eV and 1.90 eV for 
the bulk material and single layers, respectively.18 MoS2 field-effect transistors (FETs) have 
shown significant potential for fabrication of 2D electronic devices.19-27 However, all the MoS2 
field-effect transistors (FETs) reported to date are fabricated using electron beam- or photo-
lithography on top of MoS2 flakes dispersed on substrates
28-38 and/or polymer-assisted transfer 
of MoS2 sheets followed by dissolving the effective adhesive used.
35 Both these processes 
involve multiple wet processing steps and the 2D structure formed are in direct contact with 
various wet chemicals which may contaminate or even degrade the MoS2 surface.   Different 
morphologies of MoS2 can be synthesized by different methods such as solvothermal, 
hydrothermal, high pressure-arc discharge and various chemical transport reactions. Generally, 
the 2D materials are prepared by a two-step process: the synthesis of the layered bulk material 
which is followed by an exfoliation process.39-41 Liu et al. performed a modified vacuum 
assisted impregnation route to synthesize highly ordered mesoporous MoS2.
42 Ding et al. have 
obtained hierarchical MoS2 microspheres via a facile PS microsphere-assisted hydrothermal 
method.43 Surfactant assisted synthesis was also reported to improve the electrochemical 
performances. Liang et al. have reported the synthesis of MoS2 nanosheets by an efficient and 
scalable PVP-assisted hydrothermal reaction.44 There are a few well-known vapour phased 
synthesis methods involving the chemical reaction of sulfur and molybdenum compounds such 
the thermal decomposition of ammonium thiomolybdate precursors in presence of hazardous 
gases like hydrogen sulphide (H2S) and carbon disulphide(CS2).
45-47 
The microphase separation of block copolymer (BCP) thin films can provide an alternative to 
conventional top-down lithographic methods. The BCP nanopatterns can be integrated into 
fabrication by removing one block of polymer and then using the remaining block of polymer 
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as an etch mask for pattern transfer into the substrate.48-50 Different materials including various 
metal oxides, dielectric materials and metals have been combined with the BCP and used to 
create a hard mask to overcome the poor etch selectivity and shape control.51-55 
In this study, we systematically demonstrate the fabrication of nanowires of layered MoS2 by 
an alternative to conventional photolithographic processing, i.e. self-assembly of block 
copolymers followed by selective insertion of a Mo salt into the P4VP block and oxidation to 
form the metal trioxide. The MoS2 nanowires were prepared with simple sulfurization of the 
molybdenum oxide (MoO3). This method not only obviates the excessive use of wet chemistry 
steps, but also generates nanodimensioned wire-like patterns of 2D MoS2 nanowires. 
5.3 Experimental: 
5.3.1 Materials 
For this study, highly polished single-crystal silicon <100> wafers (p-type) with a native oxide 
layer of 2 nm were used. Two different molecular weight polystyrene-block-poly(4-
vinylpyridine) (PS-b-P4VP) were purchased from Polymer Source, Inc., Canada, with a 
molecular weight of 37 kg mol-1 (MnPS = 20 kg mol
-1, MnP4VP = 17 kg mol
-1, fPS = 0.54), with a 
polydispersity (Mw/Mn) of 1.08 and Mn = 18.2 kg mol-1 (MnPS = 9 kg mol
-1 , MnP4VP = 9.2  kg 
mol-1, fPS = 0.49), with a polydispersity (Mw/Mn) of 1.09 (where, Mn and Mw are number 
average and weight average molecular weights).  The block copolymer was used without 
further purification. Molybdenum (V) chloride (MoCl5), toluene (99.8%, anhydrous), 
tetrahydrofuran (THF) (99.8%, anhydrous), ethanol (dehydrated) were purchased from Sigma-
Aldrich and used without further purification. 
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5.3.2 MoS2 nanowire formation 
Scheme 5.1 shows the overall methodology of producing molybdenum oxide nanowires. In 
order to use this methodology a well-defined microphase separated BCP nanopattern has to be 
formed. Briefly, the BCP was spin coated onto a silicon wafer (A) and then phase separation 
was achieved by solvent vapor annealing (SVA) (B). The molybdenum precursor solution was 
then spin coated onto the phase separated BCP film (C). Finally, UV/Ozone treatment was 
carried out for a 3h period which led to the formation of regular structure of MoOx.  
 
 
Scheme 5.1. Schematic of the formation of the MoOx nanowires. (A) PS-b-P4VP BCP spin 
coated on silicon wafer, (B) phase separated BCP thin film after solvent annealing, (C) loading 
of molybdenum precursor on/in the P4VP domains by spin coating and (D) fabrication of MoOx 
nanowires by UV/Ozone treatment. 
In detail, the polymer was first dissolved in a mixture of toluene and THF (80:20) to yield 0.5 
wt% solution stirred for several hours to ensure complete dissolution prior to coating. BCP thin 
films were prepared by spin coating the polymer solution onto the substrates at 3000 rpm for 
30 s. The thin films prepared were exposed to a saturated THF environment at 50 ºC for six 
hours. This solvent annealing procedure was carried out in 100 mL glass jar containing 10 mL 
of THF solvent in small vial. After six hours, samples were removed and trapped solvent 
allowed to evaporate under ambient conditions. Following this, a molybdenum (V) chloride 
solution of 0.5 wt% was prepared in ethanol and spin coated onto the phase separated film at 
3000 rpm for 30 s. UV/Ozone treatment was used to oxidize the precursor and remove the 
polymer. A UV/Ozone system (PSD Pro Series Digital UV Ozone system; Novascan 
Technologies, Inc., USA) was used to treat the sample in this way. This equipment has a UV 
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source consisting of two low pressure mercury vapour grid lamps. Both lamps have an output 
current of 0.8-0.95 A and power of 65-100 W and have strong emissions at both wavelengths 
of UV radiation (184.9 nm and 253.7 nm). This system produces highly reactive ozone gas 
from oxygen that is present within the chamber. Samples were exposed for 3 h to ensure 
complete oxidization of the inorganic precursor and removal of the polymer. The thermal 
stability of the nanowires was verified by placing the substrate in the furnace at 700 ºC for 1 h.  
 
Figure 5.1. Experimental setup of the quartz tube in the centre of the furnace containing 
sulphur flowers and MoO3 samples (see text for details). 
Lee and co-workers have reported a method for synthesizing large-area MoS2 monolayer flakes 
using the gas-phase reaction of MoO3 and sulfur powders.
56 This was adapted here and MoO3 
wires prepared above were sulfurized using sulfur flowers at different temperatures and time 
(300 ºC, 400 ºC and 700 ºC for 30 min, 20 min and 15 min respectively). The thermal 
evaporation of sulfur was affected in a horizontal quartz tube furnace as shown in Fig. 5.1.  The 
samples were heated at heating rate of 15 oC min-1 under a H2/Ar gas flow of 200 sccm.  After 
sulfurization, the temperature ramped down at 15 oC min-1 until room temperature was reached.  
5.3.3 Characterization 
BCP film thicknesses were measured by an optical ellipsometer (Woolam M2000). Surface 
morphologies were imaged by atomic force microscopy (SPM, Park systems, XE-100) in 
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tapping mode using silicon microcantilever probe tips with a force constant of 60000 Nm-1 and 
a scanning force of 0.11nN.  Both topographic and phase images were recorded simultaneously. 
Scanning electron microscopy (SEM, FEI Helios NanoLab 600 Dual Beam FIB and Raith 
eLINE Plus) was also used to study the surface morphology. X-Ray photoelectron spectroscopy 
(XPS) experiments were conducted on a Vacuum Science Workshop CLASS100 high 
performance hemispherical analyser with Al Kα (hν=1486.6 eV) X-ray source operating at 72 
W. Raman scattering spectroscopy was collected with a Renishaw inVia Raman spectrometer 
using a 514 nm 30mW Argon Ion laser and spectra were collected using a RenCam CCD 
camera. The beam was focused onto the samples using either a 20x or a 50x objective lens. 
Spectra were collected at a variety of exposure times and laser intensities. TEM cross-sections 
(lamellae) were prepared using a Helios Nanolab DB FIB. FIB samples were analysed by JEOL 
2100 high resolution transmission electron microscope operating at an accelerating voltage of 
200 kV. 
5.4 Results and Discussion 
5.4.1 Self-assembly of PS-b-P4VP block copolymer 
As-cast PS20k-b-P4VP17k thin films are kinetically trapped in a micellar arrangement as can be 
clearly seen in Fig. 5.2(A).  Thin films solvent annealed in a THF environment for 6 h at 50 ºC 
generate vertically aligned lamellar nanostructures of pitch size (domain spacing) 37 nm, as 
shown in Fig. 5.2(B). The morphology and orientation of the films is dependent on careful 
choice of annealing solvent and conditions as discussed elsewhere.57, 58 The thickness of the 
film was measured by elliposmetry and found out to be ~32 nm, close to the domain spacing. 
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Figure 5.2. AFM topographic images of (A) as-cast and (B) phase separated PS-b-P4VP thin 
films after solvent annealing in THF for 6 h at 50 oC 
5.4.2 Molybdenum oxide nanowires fabrication by an inclusion technique 
The BCP films can be used as templates to create ordered oxide nanowire arrays by the salt 
inclusion technique described above.59, 60 When ethanol was added to MoCl5, an emerald green 
solution was obtained, due to the formation of the dimer [MoCl3(OR)2]2.
61 To prevent overfill 
and non-selective salt deposition at the film surface of the BCP, a low concentration of 
precursor solution was  required and a 0.5 wt.% MoCl5 solution was found to be optimum for 
spin coating. Typical samples following UV/Ozone treatment for 3 h are shown in Fig. 5.3(A) 
(topographic AFM) and Fig. 5.3(B) SEM of the Mo oxide structures formed. The MoOx 
structure formed by inclusion was similar to that of the original BCP with a pitch size of 37 
nm. The SEM magnified view of the surface Fig. 5.3(C) displays features with sharp edges and 
relatively smooth surfaces consistent with crystalline materials.   
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Figure 5.3. AFM topography image (A), top-down SEM image (B) and (C) is SEM image of 
same sample at higher magnification of molybdenum oxide nanowires obtained after 
UV/Ozone treatment of self-assembled PS20k-b-P4VP17k for 3 h. 
5.4.3 Determination of the MoOx stoichiometry by XPS 
X-ray photoelectron spectroscopy (XPS) analysis of the Mo oxide nanowires prepared above 
was performed in order to determine the chemical composition of the samples.  Since these are 
thin (see below) it is suggested this is an indication of the bulk composition of the wires.  The 
XPS wide spectrum shows main features due to molybdenum and oxygen atoms and minor 
peaks of carbon and silicon (Fig. 5.4(A)). This survey scan shows no evidence of surface 
charging effects and no features due to impurities such as Cl could be seen. The carbon seen 
(C1s at 285.1 eV) is consistent with adventitious contamination. The appearance of Si 2s and 
Si 2p signals are attributed to the Si substrate used. The Mo 3d features (Fig. 5.4(B)) are typical 
of Mo in the 6+ oxidation state62-68 with Mo 3d5/2 and Mo 3d3/2 at binding energies (BE) of 
232.3 eV and 235.5 eV.  As shown in Fig. 5.4(C), the two components associated with Mo 
3p3/2 and Mo 3p1/2 spin orbit doublet at 398.2 eV and 415.6 eV BE respectively are also in 
agreement with the literature values.69 Complete hydrolysis/oxidation of the Mo precursor 
solution was also confirmed as no chlorine can be detected on XPS. The O 1s peaks of the XPS 
spectra of the same films are shown in Fig. 5.4(D). Two resolved (using standard curve-fitting 
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procedures) O1s peaks at ~531 eV and 532.5 eV were observed and these can be interpreted as 
lattice oxygen (O2-) and surface hydroxyl/adsorbed water species respectively. Note that the O 
1s signal at ~531 eV is quite broad possibly because of a contribution of a range of different 
lattice oxygen sites in the MoO3 structure and also signal deriving from the passive oxide 
coated silicon substrate. 
 
Figure 5.4. XPS spectra of (A) wide scan spectra (survey), (B) Mo 3d, (C) Mo 3p and (D) O 
1s core level spectra of molybdenum oxide nanowires after UV/Ozone treatment. 
5.4.4 Sulfurization of MoO3 nanowires 
The previously fabricated MoO3 nanowires on silicon substrates were subject to sulfur 
treatments for different temperature/times.  These were temperatures and times of 300, 400 and 
700 oC for 30, 20 and 15 min, conditions are fully described above. These conditions were 
varied to ensure that the MoO3 nanowires could be fully converted to the sulfide derivatives. 
Fig. 5.5 shows typical SEM data from selected samples but in each case the contrast changes 
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(compared to the oxide only samples) are consistent with composition changes. At the lowest 
temperature of 300 oC the nanowires formed are not damaged or delaminated from the substrate 
and, hence, the structures remain intact (Fig. 5.5(A)).  It is thought that in these conditions the 
MoO3 is readily reduced to MoO2 which is then readily converted to the sulfide.  The higher 
magnification image (Fig. 5.5(B)) confirms the gross morphology of the nanopattern is not 
disturbed.  Higher temperature processes appear to cause the degradation of the pattern with 
clear evidence of over-sulfurization as shown in Fig. 5.5(C) and (D).  At 400 oC (Fig. 5.5(C)) 
the SEM image appears to be similar to the image of the MoS2 formed at 300 ºC but the 
structure is not uniform and in several areas the wires coalesce. After reaction at 700 ºC (Fig. 
5.5(D)), obvious degradation has occurred. Much of the nanowire pattern is lost and evidence 
or the nucleation of particulate is observed. This suggests that a nucleation and growth 
mechanism for MoS2 through surface diffusion exists at higher temperature. 
 
Figure 5.5. Scanning electron micrographs of MoS2 nanowires formed after sulfurization of 
MoO3 nanowires by thermal evaporation of sulfur powders at: (A-B) 300 
oC for 30 min, (C) 
400 oC for 20 min and (D) 700 ºC for 15 min. 
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For all three samples, as shown in Fig. 5.6, XPS analysis was carried out to study the chemical 
composition and the surface electronic states of MoS2. The XPS survey spectrum (Fig. 5.6A) 
indicates the presence of Mo, S, C and O elements. In Fig. 5.6(B) and 5.6(C), high-resolution 
XPS spectra of Mo 3d and S 2p are shown, respectively. The Mo 3d spectra displays peaks 
around 229.7 and 232.7 eV (Mo3d5/2 and Mo3d3/2 respectively) and these are similar to features 
typical of Mo4+ states in MoS2.
70 The smaller peak visible (Fig. 5.6(B)) at 226.4 eV is identified 
as the S2s feature. The S2p photoelectron spectrum is shown in Fig. 5.6(C) and shows a broad 
single peak at 162.5 eV due to overlapping S2p3/2 and 2p1/2 peaks of S2- in MoS2.
71, 72 Raman 
spectroscopy was carried out to analyse the structure and it further confirmed the MoS2 
structure with the appearance of two distinct peaks at 381 cm−1 and 405 cm−1. These are 
consistent with the E12g vibrational Mo-S bond along the base plane and the A1g vibration of 
sulphur along the vertical axis, respectively.73 At 300 ºC, a small shoulder peak was observed 
at about 460 cm-1 due to the presence of MoO2.
74 This suggests incomplete sulfurization at the 
lower temperatures used. With increasing temperature the Raman features remained narrow 
and are consistent with the presence of highly ordered layered structures. The peak difference 
between A1g and E2g modes (24 cm
−1) can be used to identify the number of layers of MoS2 
and this indicates 4-5 layers.73, 75  
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Figure 5.6. MoS2 nanopatterns analyzed by XPS and Raman spectroscopy. (A) XPS survey 
spectrum of the MoS2 prepared at 300 ºC. High resolution XPS spectra of (B) Mo 3d and S 2s; 
and (C) S 2p. (D) Raman spectrum of MoS2 nanowires formed after sulfurization at 300 ºC, 
400 ºC and 700 ºC showing the E12g and A1g vibrational modes 
The value of the MoS2 thickness calculated by the Raman method can be compared to that 
calculated by AFM. Fig. 5.7 shows the multilayer MoO3 and MoS2 nanowires and their height 
profiles by AFM.  An analysis of the data in Fig. 5.7 shows that the distance between the MoO3 
and MoS2 nanowires (pitch) is 38 nm consistent with the original BCP structure. However the 
measured thicknesses for the oxide is 3.8 nm and 3.5 nm for the sulfide MoS2. The monolayer 
thickness of S-Mo-S structures in bulk MoS2 have a thickness of 0.6 nm.
76, 77 This suggest a 
shade of around 6 MoS2 layers in reasonable agreement with the Raman measured value. 
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Figure 5.7. (A) and (B) are the topographic AFM images of MoO3 and MoS2 nanowires, (C) 
and (D) are the height profiles of (A) and (B) respectively. 
The final morphology of the multilayer MoS2 formed by sulfurization at 300 
oC for 30 min was 
studied by TEM FIB cross section and a typical image is shown in Fig. 5.8. It can be seen 
immediately that the top-down nanowire pattern extends through to the substrate (Fig. 5.8(A)). 
The nanowire structures seem to be somewhat different than might be expected from ideal 
rectangular cross-sections. The nanowires show a rounded shape and indications of spreading 
at the base or even the formation of a surface layer of MoS2. However, the latter seems less 
likely as in several areas distinct gaps are seen between the wire bases. The observation of 
broadening be expected as the high temperature sulfurization did indicate diffusion occurs.   
Further, the melting point of MoO3 is relatively low at less than 800 ºC.
78  In Fig. 5.8(B), 
indicative high resolution TEM cross-section data confirm that the MoS2 nanowires have a 
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well-defined layer structure although the structure is clearly polycrystalline in nature and not 
preferentially orientated with reference to the surface plane.  There are clearly a few layers of 
MoS2 on top of the SiO2/Si substrates is shown and the average height of these is 6 to 8 nm or 
10-12 layers. This is somewhat higher than the value seen by AFM but this may be related to 
tip issues in small dimensioned topography as well as the averaging nature of Raman which 
will provide an average thickness across the nanowire width. As shown in Figure 5.8(C), the 
high angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) 
image indicates the presence of MoS2 nanowires on Si-substrate. To confirm the presence of 
MoS2 nanowire after the sulfurization, energy dispersive X-ray (EDX) mapping was performed 
to reveal presence of S (yellow) and Mo (green). 
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Figure 5.8. (A) TEM images of MoS2 nanowires. (B) Enlarged HR-TEM image of the marked 
area in (A). (C) EDX mapping of MoS2 nanowire revealing presence of S and Mo.  
This form of BCP nanofabrication is extremely versatile and can be used to create nanopatterns 
of different dimensions by tuning the molecular weight of the polymer. In order to verify that 
the methodology could be extended to lower molecular weight systems and, hence, smaller 
feature size, a further set of the experiments were performed using the lower molecular weight 
PS9k-b-P4VP9.2k with total molecular weight of 18.2 kg mol
-1. Fig. 5.9(A) illustrates the 
lamellar structure formed after solvent annealing the PS9k-b-P4VP9.2k at 50 ºC for 6 h in a THF 
atmosphere. The long range well-defined and ordered lamellar morphology of the BCP over 
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several micrometres can be readily seen in the image and a domain (pitch) size of 23 nm was 
measured. Fig. 5.9 (B and C) provides a view of the derived MoO3 and MoS2 (300 ºC 
sulfurization) nanopatterns formed after a similar experimental procedure to that described 
above.  As for the higher molecular weight BCP, the oxide and sulfide nanowires have similar 
morphology to the templating microphase separated BCP structure and indicate the robust 
nature of the fabrication process used.  Interestingly, nucleation of sulfide nanoparticles is seen 
at this lower temperature in contrast to the higher molecular weight structure where 
sulfurization did not produce aggregates until higher temperatures. This is consistent with a 
mass-transport limited growth or sintering process since these limitations are reduced for the 
smaller, more densely packed nanofeatures produced by lower molecular weight BCPs. 
 
Figure 5.9. (A) is the AFM topography images of PS9k-b-P4VP9.2k after solvent annealing in 
THF for 6 h at 50 ºC, (B) is the topographic AFM image of the MoO3 nanowires obtained after 
UV/Ozone treatment of sample shown in (A), and (C) is SEM image of the MoS2 nanowires 
obtained after sulfurization at 300 ºC. 
5.5. Conclusions: 
The self-assembly of block copolymers has already received attention as an alternative method 
to the current UV-lithographic process for producing Si nanowires but the use of the 
methodology outlined here could be adapted to allow the direct formation of a range of 
nanowire materials. There are real challenges in developing methods for the fabrication of 
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nanometre dimensioned patterns of 2D materials such as low-band gap MoS2 where etching 
and selective chemistries can either alter the stoichiometry or easily prepared materials such as 
flakes are difficult to integrate into large scale production.  In this article we propose a two-
step process to synthesize large-area and polycrystalline MoS2 nanowire thin layers. The self-
assembly of PS-b-P4VP block copolymers have been shown to be a convenient and readily 
processable method for the preparation of MoS2 nanowires of thicknesses equivalent to a few 
layers of MoS2.  The structures obtained here are free of chlorine after oxidation by UV/Ozone 
treatment as confirmed by XPS despite the use of a chloride salt precursor. Large-area MoS2 
films were the directly synthesized on SiO2/Si substrates by sulfurization of the patterned MoO3 
thin film formed by an insertion and oxidation process. The obtained structures were 
characterized and confirmed as MoS2 layered systems by a range of techniques such as AFM, 
XPS, Raman, SEM and TEM. 
The sulfurization strategy used here was performed at relatively low temperatures, however, 
elevated temperatures resulted in agglomeration and growth of 3D particles. Even at the lowest 
temperatures, the mass transport and diffusion led to broadening of the wire bases as evidenced 
by high resolution, cross-section TEM. This may be associated with the low melting point of 
MoO3. Thus, in order to produce nanowires as electronic circuitry, careful optimization of the 
sulfurization route will be required. However, the techniques outlined here may provide a 
breakthrough in the fabrication of patterned structures of complex materials. 
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6 
Conclusions and Future Work 
This chapter presents a summary of the research presented in this dissertation and points out 
some future recommendations based on the work.  
6.1. Summary of the Dissertation 
Current photolithographic techniques have enabled tremendous advancements in the 
semiconductor industry thus enabling high throughput and economical mass production of 
integrated semiconductor devices with ultra-high density of transistors and commensurate 
computing power.  The directed self-assembly of block copolymers (BCPs) could enable the 
long-term extension of Moore’s law via the formation of patterns at 20 nm pitch length scales 
and below. The main objective of this dissertation was to fabricate ultra-small feature size 
lamellar structures by using high chi (χ) BCPs. The most widely used BCP currently, 
poly(styrene)-block-poly(methlymethacrylate) (PS-b-PMMA), lacks the thermodynamic 
driving force necessary for phase separation at smallest length scales. Here we have 
concentrated our research on high χ (χ~0.34) BCP system, polystyrene-block-poly(4-
vinylpyridine) (PS-b-P4VP). This thesis investigated solvent annealing technique and 
applications of BCP self-assembly, which is driven by the microphase-separation of two 
mutually incompatible blocks. The patterns formed using BCP can be easily transferred into 
different functional materials. In this thesis, various factors were studied to self-assemble the 
BCPs in well-ordered and long range ordered structures.  
In Chapter 2, the effect of type of solvent and time on the microdomain orientation during 
solvent-annealing of BCP ultrathin films on silicon substrate was studied using two different 
higher molecular weight PS-b-P4VP diblock copolymer. For high-χ BCP systems, solvent 
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annealing is preferred over thermal annealing, which can provide better chain flexibility to 
form well-ordered BCP microdomains. As demonstrated in Fig. 6.1, when the solvent-
annealing was performed in toluene vapour atmosphere, hexagonally packed micellar 
structures were observed. However, by introducing tetrahydrofuran (THF) vapours with 
toluene vapours into the annealing chamber, mixed orientation of lamellae and perpendicular 
cylinders to the substrate were observed by AFM. When the thin films were annealed in THF 
rich environment, long stripes were formed.  
 
Figure 6.1. Topographic AFM images (1x1µm) of PS9k-b-P4VP9.2k cast from toluene/THF 
(80/20) and solvent annealed at 50oC for 4h in different saturated solvent vapour environments 
of: (A) pure toluene, (B) toluene/THF =90/10, (C) toluene/THF =80/20, (D) toluene/THF 
=70/30, (E) toluene/THF =60/40, (F) toluene/THF =50/50, (G) toluene/THF =40/60, (H) 
toluene/THF =30/70, (I) toluene/THF =20/80, (J) toluene/THF =10/90 and (K) pure THF. All 
solvent compositions are given as (v/v). FFT patterns inset show the difference in the degree 
of order. 
A systematic study of time effect on the morphology was undertaken. When the samples were 
annealed for short times, mixed morphologies of micelles and small stripes could be seen. By 
increasing the annealing time, high correlation length of lamellae was observed. Furthermore, 
it was investigated if various morphologies of BCPs, such as spheres, cylinders, and perforated 
lamellae, can be formed using solvent annealing technique.  It was shown that the orientation 
and morphology of microdomains as well as the kinetics in PS-b-P4VP ultrathin films on 
solvent-annealing is significantly affected by the type of solvent. 
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In Chapter 3, lower molecular weights PS-b-P4VP BCPs were studied so as to achieve patterns 
of pitch size 10.3 nm (half-pitch ~6 nm) and different molecular weight PS-b-P4VP BCPS 
were also chosen to fabricate sub-7 nm features, as shown in Fig. 6.2.  
 
Figure 6.2. AFM topographic images of different molecular weight PS-b-P4VP BCPs after 
solvent annealing. The lamellae perpendicular to the substrates were observed in all the BCP 
system: (A) PS20k-b-P4VP17k, (B) PS9k-b-P4VP9.2k, (C) PS7.4k-b-P4VP7.7k, (D) PS5k-b-P4VP5k, 
and (E) PS3.3k-b-P4VP3.1k. (F) Pitch size versus the χN values of all PS-b-P4VP used in this 
study. 7.6 nm is an estimated value calculated by drawing an arbitrary line. 
Various experimental aspects, such as temperature, time, and solvent(s) were studied. 
Interestingly, whilst the higher molecular weight BCP system form lamellae in THF vapours, 
the lower molecular weight BCPs phase separate in toluene vapours to produce well-ordered 
and well-aligned lamellae microdomains.  It was also demonstrated that film thickness plays 
an important role in the self-assembly of BCPs. Thin films of different thickness were prepared 
by varying spin speed during casting. It is accepted that in symmetric BCP systems, if the film 
thickness is thicker than its equilibrium period, island or holes form at the free surface. The 
film thickness was controlled by using optimised spin speed so as to produce good ordered 
lamellae structure. Directed Self Assembly (DSA) was demonstrated using graphoepitaxy. 
Various wide trench substrates were used to demonstrate the long range ordering to achieve 
sub-7 nm features. By decreasing the molecular weight of polymers smaller features can be 
achieved. As shown in Fig. 6.2-F, a theoretically pitch size of 7.6 nm can be achieved when 
total molecular weight of the PS-b-P4VP system is approximately 4000 g/mol (χN=10.5).  
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In Chapter 4, a novel in-situ iron oxide inclusion technique was used to generate an iron oxide 
hard mask which can facilitate the pattern transfer process. In this high-χ PS-b-P4VP BCP 
system, the etch contrast between both the blocks are very low due to the similarity between 
the structures of PS and P4VP (the benzene ring in PS and pyridine ring in P4VP is the only 
difference). To enhance the etch contrast between the blocks, one of the blocks is modified by 
incorporating inorganic species (here iron oxide) into the polymeric structure. Iron oxide 
nanowires are formed by simple inclusion of iron ions by spin coating iron nitrate solution from 
ethanol into the P4VP block. Ethanol selectively swells the P4VP block, since the PS block is 
insoluble in ethanol, decreasing the density of P4VP microdomains. Also, P4VP act as a metal 
ligand to coordinate with metal complexes. As shown in Fig. 6.3, different size iron oxide 
nanowires are generated by using different molecular weights of PS-b-P4VP.   
 
Figure 6.3. Top-down SEM images of iron oxide nanowires formed by using (A) PS20k-b-
P4VP17k, (B) PS9k-b-P4VP9.2k, (C) PS7.4k-b-P4VP7.7k, (D) PS5k-b-P4VP5k and (E) PS3.3k-b-
P4VP3.1k. All scale bars represent 200 nm.  
As shown in Fig. 6.3 (E), the smallest feature size of ~ 6 nm was achieved using PS3.3k-b-
P4VP3.1k. The concentrations of iron oxide precursor solutions were decreased from 0.5 wt% 
to 0.3 wt% when the smaller molecular weights BCPs were used. Further these iron oxide 
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nanostructures were then pattern transferred into silicon substrate to generate silicon 
nanowires. 
In Chapter 5, further applications of BCPs were studied. Two dimensional (2D) molybdenum 
disulfide (MoS2) nanowires were fabricated on a silicon substrate by using an in-situ technique 
and post-processing sulfurization. As illustrated in Chapter 4, the in-situ technique was applied 
to generate different metal oxides, mainly molybdenum trioxide (MoO3). Molybdenum 
pentachloride (MoCl5) was dissolved in anhydrous ethanol to yield 0.5 wt% solution, which 
then spin-coated on the lamellae patterns of PS20k-b-P4VP17k, followed by UV/Ozone to 
generate MoO3 nanowires. These MoO3 nanowires formed were then sulfurized at different 
temperatures to generate MoS2 nanowires. The 2D-MoS2 nanostructures were confirmed by 
XPS, Raman spectroscopy and by AFM, SEM and TEM.  
 
Figure 6.4. (A) TEM images of MoS2 nanowires. (B) Enlarged HR-TEM image of the marked 
area in (A).  
6.2. Recommendations for future work 
In order to achieve sub-5 nm features, it is important to consider other block copolymers or 
new synthesized BCP systems with high Flory-Huggins interaction parameter χ with high etch 
contrast. In order to reduce feature size, small molecular weight BCPs must be used. By 
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increasing the χ value and decreasing the degree of polymerization N, the χN value can be 
maintained to more than 10.5 to allow the phase separation. It must be noted that the large 
unfavourable interaction between the blocks ultimately reduces the interfacial thickness 
between them, which allows the block-to-block interfaces to exhibit less line-edge roughness. 
A question remains as to how low can the feature size be reduced to?  By polymer engineering 
6 nm pitch is possible but producing good films becomes a challenge because films are 
becoming e.g. strongly hydrophobic and hydrophilic and very strong interface interactions are 
possible.  Indeed, many people believe it is extremely difficult to use high-chi systems to 
produce vertically orientated lamellae because of strong interfacial reactions between blocks 
at the substrate and air interface.  One of the things we have not considered in this system is 
why parallel orientations are not observed.  Comprehensive experimental and theoretical work 
is needed to address the propensity of these systems to form vertical orientations.  These have 
been observed for PS-b-PDMS, PS-b-PLA, PS-b-PEO even for non-chemically functionalised 
neutral substrates. 
For future applications in semiconductor industry, one of the block of BCP system must be 
etched, either by dry or wet etching steps. Therefore, an etching recipe must be develop to etch 
the block with the highest possible fidelity. For smaller dimension features, the film thickness 
is also smaller. To etch such ultrathin films using a chemical etch is very challenging. Due to 
slower diffusion of gas ions that are confined to nanoscopic space, dry-etching very small 
features can also be very difficult. As mentioned in Chapter 4 of this thesis, different metal 
oxide nanostructures can be fabricated by in-situ inclusion technique, which then can be used 
as hard mask for pattern transfer.  Whist iron is not a metal generally used in FABs alternative 
metal insertion could be used to yield HfO2, Al2O3 or W hard masks and the integration of the 
methodology needs considerable effort. In the semiconductor industry, many attractive 
technologies have been integrated but very significant effort is required.  
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It is also necessary to address the problem of defects in these patterns.  According to ITRS 
2013, the defect density in ordered BCP patterns must not exceed 0.01 defects cm-2 at the resist 
level for all device types and this is extremely difficult to obtain. Defects in structure can be 
originated from various steps during self-assembly. It can occur any time during synthesis, 
annealing or processing steps. During synthesis of polymer, a special care should be taken 
while using catalysts, solvents and environment where the synthesis is carried out. The solvents 
used must be 99.99% pure and the annealing conditions should be carefully monitored. Various 
methods like real-time scanning microscopic or spectroscopic studies can also be performed to 
understand defect annihilation.  Perhaps the biggest problem will be maintaining ultra-clean 
environments as single dust particles can cause high defect densities.  Maintaining a pristine 
surface in UHV is problematical but in terms of ‘open’ laboratory conditions will require very 
careful control. 
For pattern formation, different annealing techniques have been employed. Thermal and 
solvent annealing techniques are widely used for the self-assembly of BCPs. For high χ BCP 
systems, thermal annealing method is generally not sufficient to bring about high order but by 
incorporating solvent vapours during annealing steps it is possible to lower the glass transition 
temperature and phase separation can occur at rapid speed.  Recently, microwave annealing 
has used as an alternative annealing technique to self-assemble high χ BCPs. During 
microwave annealing, solvent may or may not be used, but the microwave radiation excites the 
silicon substrate and the energy produced during irradiation is enough to make polymer chains 
flexible and the phase separated structures of good orientation can be formed in few seconds.  
However, these techniques have not been industrialized.  Due to environmental restrictions on 
the use of various solvents, fab friendly solvents must be used.  But as seen here, the choice of 
solvents during casting and annealing are critical and are selected on the basis of their 
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properties such as solubility parameters/vapour pressure.  It is questionable if enough solvents 
or equipment are available to allow commercial production.  
Thus, despite the enormous amount of research that has been carried out in the past couple of 
decades, there remains a number of key issues to be addressed before bringing the BCPs into 
the semiconductor manufacturing process. However, research and development targeting the 
use of BCP materials and patterning technologies in future integrated circuit (IC) technology 
nodes continues with pace and their use as on-chip etch masks is becoming more of a real 
option.  
  
 
 
 
 
 
                
 
 
